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ABSTRACT 
 
Epoxies are widely used as underfill resins throughout the microelectronics 
industry to mechanically couple and protect various components of flip-chip assemblies. 
Generally rigid materials largely surround underfill resins. Improving the mechanical 
and thermal properties of epoxy resins to better match those of their rigid counterparts 
can help extend the service lifetime of flip-chip assemblies. Recently, researchers have 
demonstrated that silica nanoparticles are effective toughening agents for lightly-
crosslinked epoxies. Improvements in the fracture toughness of silica-filled epoxy 
nanocomposites have primarily been attributed to two toughening mechanisms: particle 
debonding with subsequent void growth and matrix shear banding. Various attempts 
have been made to model the contribution of these toughening mechanisms to the 
overall fracture energy observed in silica-filled epoxy nanocomposites. However, 
disparities still exist between experimental and modeled fracture energy results.  
In this dissertation, the thermal, rheological and mechanical behavior of eight 
different types of silica-filled epoxy nanocomposites was investigated. Each 
nanocomposite consisted of up to 10 vol% of silica nanoparticles with particle sizes 
ranging from 20 nm to 200 nm, with a variety of surface treatments and particle 
structures. Fractographical analysis was conducted with new experimental approaches 
in order to accurately identify morphological evidence for each proposed toughening 
mechanism. Overall, three major insights into the fracture behavior of real world silica-
filled epoxy nanocomposites were established.  
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First, microcracking was observed as an essential toughening mechanism in 
silica-filled epoxy nanocomposites. Microcracking was observed on the surface and 
subsurface of fractured samples in each type of silica-filled epoxy nanocomposite. The 
additional toughening contribution of microcracking to overall fracture energy yielded 
excellent agreement between experimental and modeled fracture energy results. 
Furthermore, the contribution of microcracking was most prevalent at lower filler 
contents which suggests that the presence of microcracking may account for the 
previously unexplained improvements in fracture behavior attained in silica-filled 
epoxy nanocomposites at low filler contents.  
Secondly, surface modification through the application of three different 
propriety surface treatments (“A”, “B” and “C”) was found to greatly influence the 
processibility and fracture behavior of silica-filled epoxy nanocomposites. B-treated 
silica nanoparticles were found to readily form micron-scale agglomerates, settled 
during nanocomposite curing and showed no improvement in fracture toughness with 
increasing filler content. In contrast, the nanocomposites consisting of A-treated and C-
treated silica nanoparticles yielded morphologies primarily containing well-dispersed 
nanoparticles. Therefore, fracture toughness improved with increasing filler content.  
Finally, particle porosity was found to have no significant effect on fracture 
behavior for the range of silica-filled epoxy nanocomposites investigated. Lower 
density porous silica nanoparticles were just as effective toughening agents as higher 
density non-porous silica nanoparticles. Consequently, the potential exists for the use 
of toughened-epoxies in lightweight structural applications.
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CHAPTER 1: INTRODUCTION 
 
1.1 Motivation 
 
Silica nanoparticles have been shown to be effective toughening agents for 
lightly-crosslinked epoxies [1-3]. Improvements in the fracture toughness of silica-filled 
epoxy nanocomposites have primarily been attributed to two toughening mechanisms: 
particle debonding with subsequent void growth and, matrix shear banding. Attempts at 
modeling the contribution of these toughening mechanisms to the overall fracture 
energy observed in these nanocomposites take their roots from early efforts by Evans et 
al. [4] and Huang and Kinloch [5]; each of whom modeled the fracture behavior in 
rubber-toughened polymers. Various modifications to the Huang and Kinloch model 
have been made to accurately capture the contributions of toughening mechanisms in 
silica-filled epoxy nanocomposites; however, disparities still exist between 
experimental and modeled fracture energy results [e.g. 6]. Consequently, the 
overarching goal of this research is to develop improved experimental methods and 
alternative modeling approaches to accurately reflect the fracture behavior of real world 
silica-filled epoxy nanocomposites.  
1.2 Overview of Epoxies 
 
Epoxies are a class of thermosetting polymers that form characteristic three-
dimensional crosslinked networks. Generally, epoxies are polymerized by the 
combination of an epoxy resin with a curing agent. The term “epoxy resin” refers to the 
epoxy prepolymer which is typically made from epoxide and phenol molecules. 
Epichlorohydrin is an epoxide that is widely used to produce epoxy resins because it 
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readily reacts with hydroxyl compounds [7]. Fan-Long Jin et al. have reviewed various 
synthesis routes for developing epoxy resins via epichlorohydrin [8]. Common synthesis 
routes include reactions with bisphenol A, bisphenol F, trimothylol propane and 
phenolic novolac amongst others. These epoxy resins in turn may be polymerized with 
a variety of curing agents including those that are amine-based, alkali-based, anhydride-
based or catalytic. Curing reactions may be thermally-induced (either at ambient or 
elevated temperatures) or photo-induced (through infrared, ultraviolet light, or electron 
beam irradiation). Therefore, epoxies may be engineered to possess an array of 
advantageous material characteristics including versatile processing, good adhesion to 
other materials, and high resistance to chemical attack [9].  
Epoxies are widely used as adhesives, coatings, and encapsulants for industrial 
and consumer applications. However, epoxies are rarely used by alone for many 
applications. The main disadvantage of epoxies, especially those that are highly 
crosslinked, is their high susceptibility to crack propagation and subsequent brittle 
failure. Consequently, epoxies commonly serve as the matrix phase in two or more 
component composites. The filler components of these epoxy composites serve to 
toughen the epoxy matrix, in an effort to retard crack propagation. Typical fillers include 
soft organic materials such as rubber [e.g. 10], and hard inorganic materials such as 
silica particles [e.g. 11]. The inclusion of a rubbery phase leads to an increase in fracture 
toughness albeit with a reduction in modulus and glass transition temperature [12]. 
Alternatively, silica particles have been shown to improve fracture toughness without 
diminishing other mechanical properties such as modulus [13].   
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A potential application of this research is the use of epoxy-based composites as 
underfill resins for flip-chip assemblies in the microelectronics industry. As shown in 
Figure 1, underfill resins are used in flip-chip assemblies to mechanically couple silicon-
based integrated circuits (IC) chips with organic printed wiring board (PWB) substrates. 
A large coefficient of thermal expansion (CTE) mismatch exists between the IC and 
PWB, producing large strains in the surrounding soldering joints [14]. These large 
strains can result in premature failure of the solder connections, rendering the flip-chip 
assembly unusable. In addition to providing mechanical adhesion, the underfill resin 
serves to locally mitigate the CTE mismatch between the IC and PWB, and can be used 
as an encapsulant to protect the active surface of the IC chip [14]. The service lifetime 
of flip-chip assemblies may be extended, by improving the mechanical (e.g. fracture 
toughness) and thermal (e.g. CTE) properties of epoxy-based underfill resins. The 
combination of a rigid filler (e.g. silica nanoparticles) with a versatile adhesive (e.g. 
epoxy) may produce favorable materials characteristics for underfill resin applications.  
 
 
Figure 1. Illustration of a flip-chip assembly with an underfill resin serving as an 
encapsulant. Reproduced from [14]. 
 
  
 6 
1.2.1 Model Epoxy System 
 
An epoxy system consisting of diglycidyl ether of bisphenol A (DGEBA) cured 
with piperidine is used throughout this dissertation. DGEBA is synthesized by reacting 
epichlorohydrin with bisphenol A in the presence of a basic catalyst [15]. The chemical 
structure of DGEBA is shown in Figure 2. DGEBA is characterized as a difunctional 
epoxy resin because both of its epoxide groups are available for polymerization.   
 
Figure 2. Chemical structure of DGEBA epoxy resin. Reproduced from [15]. 
 
Piperidine is a heterocyclic aliphatic amine and was one of the first amines to be 
used to cure epoxy resins on a commercial scale [15]. The chemical structure of 
piperidine is shown in Figure 3.  Since two methyl groups and one active hydrogen are 
bound to the nitrogen atom, piperidine is characterized as a monofunctional secondary 
amine.  
 
Figure 3. Chemical structure of piperidine. Reproduced from [15]. 
 
Curing is achieved by nucleophilic addition wherein the active hydrogen from 
the piperidine molecule reacts with an epoxide group from the DGEBA epoxy resin. 
After the initial amine addition, the resultant tertiary amine serves as a catalyst for 
homopolymerization reactions which develop the lightly-crosslinked network. The 
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characteristics of piperidine-cured epoxies, particularly in regards to fracture behavior, 
are discussed in Section 1.4.1.  
1.3 Overview of Linear Elastic Fracture Mechanics 
 
 Failure analysis is arguably one of the most important concepts of materials 
science and engineering. An understanding of how materials fail and what precautionary 
steps can be taken to prevent failure is a fundamental aspect for selecting materials for 
any application. A simple comparison of the applied stress requirements for a given 
application to the strength of a given material does not adequately safeguard against 
materials failure. Flaws may develop in a material during processing or while in service 
for a particular application. Fracture mechanics aims to quantify the relationship among 
applied stress requirements for a given application, material performance (e.g. fracture 
toughness), and flaw size. Broadly, fracture mechanics methods may be applied to any 
type of material. Reviews of all of the available fracture mechanics methods for specific 
materials may be found in these excellent references by Hertzberg [16] and Anderson 
[17]. In this dissertation, a linear elastic fracture mechanics (LEFM) method is used to 
study the fracture behavior of silica-filled epoxy nanocomposites. The approaches and 
limitations of LEFM are summarized in the preceding sections.  
1.3.1 The Energy Balance Approach 
 
 In 1920, Griffith studied the fracture of brittle solids and found that fracture is 
based on an energy balance [18]. In Griffith’s theory, fracture occurs when the energy 
associated with crack growth exceeds the energy associated with a materials resistance 
to crack growth. In this manner, crack growth reduces the total energy of the system or 
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allows the total energy to remain constant.  Griffith analyzed the stress around a 
through-thickness crack in a wide plate and found that the total change in potential 
energy in the system can be expressed as: 
𝑈 −	𝑈0 = 	−𝜋𝜎4𝑎4𝑡𝐸 	+ 4𝑎𝑡𝛾;																																																						(1) 
where 𝑈 and 𝑈0 are the potential energy in the system with and without a crack, 
respectively, 𝜎 is the applied stress, 𝑡 is the thickness of the plate, 𝐸 is the Young’s 
modulus of the material, 𝑎 is one-half of the crack length and  𝛾; is the surface energy 
of the material. The negative term on the right side of Equation 1 represents the strain 
energy released by crack propagation. The positive term on the right side of Equation 1 
represents the work required to create two new surfaces. By equating the strain energy 
released by incremental crack propagation to the work required to create two new 
surfaces, Griffith established a relationship between strength and fracture stress:  
𝜎? = 	 2𝐸𝛾;𝜋𝑎 @ 4 																																																																		(2) 
where 𝜎? is the fracture stress,  𝐸 is the Young’s modulus of the material, 𝛾; is the 
surface energy of the material, and 𝑎 is the crack length. Griffith’s energy balance is 
limited to ideal brittle solids in which no plasticity is observed ahead of the crack tip.  
 Equation 2 was modified by both Irwin [19] and Orowan [20] to include the 
contribution of plastic work, 𝛾A, which contributes to the energy balance in ductile 
materials: 
𝜎? = 	 2𝐸(𝛾; + 𝛾A)	𝜋𝑎 @ 4 																																																													(3) 
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Orowan proposed that 𝛾A was the dominant contribution to fracture resistance in ductile 
materials as compared to 𝛾; [20]. Subsequently, Irwin proposed the strain energy release 
rate, 𝐺, to quantify the rate of change in potential energy with crack area [21]. In this 
manner, 𝐺 represents the crack driving force against any energy associated with the 
materials resistance to crack propagation. Fracture occurs with unstable crack growth 
when 𝐺 surpasses a critical energy release rate, 𝐺D, which corresponds to the fracture 
toughness of the material. Therefore, the fracture stress can be expressed as:  
𝜎? = 	 𝐸𝐺D	𝜋𝑎 @ 4 																																																																				(4) 
1.3.2 The Stress Intensity Factor Approach 
 
 To better characterize the fracture process, Irwin utilized a stress intensity 
approach which examines the stress state near the crack tip of a flaw [22]. As shown in 
Figure 4, cracks may be loaded solely or in combination of three main modes: mode I 
refers to crack opening when the principal load is applied normal to the crack plane, 
mode II refers to in-plane shearing load and mode III refers to out-of-plane shear.  
 
Figure 4. The three modes of loading that may be applied to a crack [17]. 
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The fracture toughness testing performed in this dissertation will be conducting 
under mode I loading. Westergaard developed closed-form expressions for the stress 
fields ahead of a crack tip under mode I loading to be [23]: 
𝜎EE = 	 𝐾G2𝜋𝑟 cos 𝜃2 1 −	sin 𝜃2 sin 3𝜃2 																																																					 
							𝜎NN = 	 𝐾G2𝜋𝑟 cos 𝜃2 1 +	sin 𝜃2 sin 3𝜃2 																																																				 
𝜏EN = 	 𝐾G2𝜋𝑟 cos 𝜃2 sin 𝜃2 cos 3𝜃2 																																																										(5) 
where 𝐾G is the stress intensity factor under mode I loading, 𝑟 and 𝜃 represent polar 
coordinates ahead of the crack tip as shown in Figure 5. The expressions in Equation 5 
show that the stress near the crack tip varies with 1 𝑟. As 𝑟 approaches 0 (i.e the crack 
tip) the expressions imply that the associated stress reaches infinity. The same stress 
singularity ahead of the crack tip exists for each mode of loading [17]. However, the 
intensity of the stress distribution is dependent on the mode of loading.  
 
Figure 5. Distribution of stresses ahead of the crack tip [17]. 
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The stress intensity factor under mode I loading, 𝐾G, is dependent of the applied 
stress, the crack length and the specimen geometry. Therefore, under pure mode I 
loading, where 𝜃 = 0, 𝐾G can be expressed as:  𝐾G = 𝑌𝜎 𝜋𝑎																																																																									(6) 
where 𝑌 is the specimen geometry factor, 𝜎 is the applied stress, and 𝑎 is the crack 
length.  A material can withstand a build up of stresses at the crack tip until a critical 
stress intensity fracture, 𝐾GD, is reached. 𝐾GD is indicative of the fracture toughness of a 
material.  
 In this dissertation, single-edge notch bend testing is performed to determine 
the plane-strain fracture toughness (𝐾GT) of silica-filled epoxy nanocomposites. 
Samples were prepared, tested, and analyzed according to ASTM D5045 standard 
testing guidelines [24]. A conditional fracture toughness (𝐾U) was obtained as follows: 
𝐾U = 	 𝑃U𝐵𝑊@ 4 𝑓 𝑎𝑊 																																																												(7) 
where 𝑃U is the maximum load at break, 𝐵 is the sample thickness, 𝑊 is the sample 
width,  𝑎  is the crack length, and 𝑓 [\   is the geometry factor which is determined as 
follows:  
𝑓 𝑎𝑊 = 	6 𝑎𝑊 @ 4 1.99	 −	 𝑎𝑊 1 − 𝑎𝑊 2.15	– 	3.93 𝑎𝑊 	+ 2.7 𝑎𝑊 41 + 2 𝑎𝑊 1 − 𝑎𝑊 ` 4 						(8) 
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The validity of each  𝐾U was analyzed according to the procedure outlined in 
Section 9.1 of ASTM D5045 [24] to ensure that each result meets crack length and size 
criteria for linear elastic fracture mechanics. The size criteria are determined as:  
𝐵, 𝑎, 𝑊 − 𝑎 > 2.5 𝐾U𝜎N; 4 																																																												(9) 
where 𝜎N; is the yield stress of the material. Finally, a minimum of five valid 𝐾U 
measurements were used to report an average plane-strain fracture toughness (𝐾GT) for 
each nanocomposite.  
 The critical plane-strain fracture toughness (𝐾GT) and critical plane-strain energy 
release rate (𝐺GT) can be related as follows:  
𝐺GT = 	𝐾GT4(1 −	𝜈4)𝐸 																																																					(10) 
where 𝜈 is the Poisson’s ratio of the material and 𝐸 is the Young’s modulus of the 
material.  
 In this dissertation, the critical strain energy release rate (𝐺GD) is determined by 
integrating the load-displacement curves up to the load point for the samples that 
produced valid 𝐾U measurements. The energy, 𝑈, from the integrated area was then 
used to calculate the conditional fracture energy, 𝐺U using the following:  
𝐺U = 	 𝑈𝐵𝑊𝜙 																																																																					(11) 
where 𝑈 is the energy obtained from the integrated load-displacement curve, 𝐵 is the 
sample thickness, 𝑊 is the sample width, and 𝜙 is the energy calibration factor. Values 
for 𝜙 are obtained from Table 1 from ASTM D5045 [24]. The accuracy of each 𝐺U was 
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analyzed according to the procedure outlined in Section 9.3 of ASTM D5045 [24]. 
Finally, a minimum of five valid 𝐺U measurements were used to report an average 
critical strain energy release rate (𝐺GD) for each nanocomposite.  
1.3.3 Estimating Plastic Zone Size Ahead of the Crack Tip 
 
Crack tip plasticity is a common phenomenon in ductile materials. In the region 
just ahead of the crack tip, a plastic zone develops and encompasses inelastic 
deformation mechanisms that play a significant role in a ductile materials resistance to 
crack propagation. Equation 5 can be used to describe the stress state in the plastic zone. 
As mentioned in Section 1.3.2, the expressions in Equation 5 imply that the associated 
stress reaches infinity at the crack tip. However, as shown in Figure 6, the stress at the 
crack tip is limited by the yield stress, 𝜎N;, of the material. Therefore, the load above 𝜎N; that is present in ideal elastic materials must be redistributed by a corresponding 
increase in the plastic zone size in elastic-plastic materials.  
	
Figure 6. Comparison of the plastic zone size for elastic and elastic-plastic materials. 
The cross-hatched area represents the load that is redistributed due to the yield stress, 
which results in a larger plastic zone [17]. 
 
In order to relate the stress intensity factor, 𝐾G, to the plastic zone size, Irwin 
modeled the behavior of elastic-plastic materials [25]. He found that under plane-strain 
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conditions, yielding is suppressed by the triaxial stress state, and the radius of the plastic 
zone may be expressed as: 
𝑟A = 	 16𝜋 𝐾G𝜎N; 4 																																																											(12) 
In this dissertation, 𝑟A is determined using two methods. First, the observed 𝑟A is 
measured by cross-polarized transmission optical microscopy (TOM). Secondly, 𝑟A is 
determined using Equation 12. The plastic zone sizes found using both methods will be 
compared.  
1.4 Overview of Toughening Epoxies 
 
1.4.1 Optimization of the Epoxy Matrix 
 
Strategies for toughening epoxies do not exclusively rely on the selection of 
filler particles. Indeed, various optimizations to the epoxy matrix, itself, have been 
undertaken to promote plastic deformation in response to a propagating crack. Hsieh et 
al. showed that for a range of unmodified epoxy resins, fracture toughness was highest 
in those that could effectively debond particles and subsequently initiate void growth 
[2]. As shown in Figure 7, the ideal epoxy resins in their work displayed low crosslink 
density and higher matrix ductility. Such ductile epoxies readily display strain softening 
behavior after yield. Strain softening is a phenomenon during which stress decreases or 
remains constant with increasing strain during continued application of a load. During 
strain softening, there is sufficient flexibility within the epoxy network which enables 
plastic deformation mechanisms to take effect. Therefore, plastic toughening 
mechanisms (e.g. shear banding and void growth) may be induced to resist fracture.  
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Figure 7. True stress – true strain relationships for several unmodified epoxies with 
different crosslink densities. Reproduced from [2]. 
 
 Strain-softening has been readily observed in piperidine-cured epoxies [e.g. 26]. 
Curing conditions play a critical role in achieving low crosslink density and high matrix 
ductility in piperidine-cured epoxies. Kinloch et al. reported that the crosslink density 
of piperidine-cured epoxies can be significantly lowered by increasing the cure 
temperature from 120 °C to 160 °C [27]. Shaw and Tod investigated the effect of cure 
temperature and curing time on the fracture toughness of piperidine-cured DGEBA 
epoxies [28]. They varied the cure temperature from 120 °C to 160 °C and the cure time 
from 2 hour to 6 hours. As shown in Figure 8, a 175% improvement in fracture energy 
can be achieved through a combination of higher cure temperature and longer cure time 
(i.e. 6 hours at 160 °C). Throughout this dissertation, a curing schedule of 6 hours at 
160 °C is used. Therefore, the performance of the silica-filled epoxy nanocomposites 
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studied are compared with near optimal fracture behavior from the unmodified 
piperidine-cured epoxy.  
 
Figure 8. Effect of cure schedule (temperature and time) on the fracture energy (J/m2) 
of unmodified piperidine-cured epoxy. Data from [28]. Reproduced from [7]. 
 
1.4.2 Types of Toughening Agents 
 
In order to improve the fracture behavior of epoxies, various types of toughening 
agents may be incorporated into the epoxy matrix. The types of toughening agents may 
broadly be characterized in two categories: organic and inorganic fillers. Research on 
the organic fillers has largely been dominated by the inclusion of various types of rubber 
particles [e.g. 4-5, 10, 26, 29-31]. Reviews on rubber-toughened epoxies may be found 
in references by Bagheri et al. [10] and Chan et al. [29]. Rubber-toughening leads to an 
increase in fracture toughness albeit with a reduction in modulus and glass transition 
temperature [10]. Research on other types of organic toughening agents for epoxies has 
involved the inclusion of carbon nanotubes [e.g. 32-34], various types of block 
copolymers [e.g. 35-37], clay [e.g. 38-39], carbon black [e.g. 38], various core-shell 
particles [e.g. 40-41], various thermoplastic polymers [e.g. 42-43] and hyperbranched 
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polymers [e.g. 44]. Research into inorganic fillers for epoxies has been dominated by 
the inclusion of various types of silica particles [e.g. 1-3, 11]. Silica particles have been 
shown to improve fracture toughness without diminishing other mechanical properties 
such as modulus [13]. Other types of inorganic toughening agents include alumina [45-
47], titanium dioxide [e.g. 45], and glass beads [e.g. 48-49]. Additionally, hybrid 
multiphase systems incorporating both organic and inorganic particles have been 
investigated [e.g. 50-54]. Recently, hybrid core shell particles containing both organic 
and inorganic layers have been developed [e.g. 55]. The focus of this dissertation is to 
build upon recent advancements in the fracture behavior of silica-filled epoxies.  
1.4.3 Fracture Behavior of Silica-Filled Epoxies 
 
 The inclusion of micron-scale silica particles into an epoxy matrix has widely been 
reported to lead to an increase in fracture toughness [e.g. 11, 56-58]. Lee and Yee 
reported the fracture behavior of epoxy composites containing up to 30 vol% of 3.3 µm 
and 24.4 µm glass beads, respectively [56]. They found that both glass bead-filled epoxy 
composites lead to an improvement in fracture toughness. At the same filler content, the 
particle size of the glass beads did not significantly influence the achieved fracture 
toughness. Kawaguchi and Pearson reported improvements in fracture toughness with 
up to 30 vol% of 3.8 µm and 42 µm diameter glass spheres, respectively, in an epoxy 
matrix [57]. In the same study they investigated the influence of particle-matrix 
interaction on the fracture toughness of their glass-bead filled epoxy composites, before 
and after moisture exposure, by incorporating adhesion promoters on the surfaces of the 
glass beads. Their results showed that fracture toughness was not affected by changes 
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in particle-matrix adhesion for samples tested without moisture exposure. However, 
facture toughness was higher in systems that displayed poor particle-matrix adhesion 
after moisture exposure.  
 While micron-size silica fillers are effective toughening agents for silica-filled 
epoxy composites, nanometer-size silica fillers have gained significant research interest 
recently. Adachi et al. demonstrated that silica-filled epoxy nanocomposites exhibit 
larger incremental increases in fracture toughness as a function of particle loading, 
compared to composites filled with micron-scale silica (Figure 9) [58]. Therefore, 
similar fracture toughness performance may be achieved at lower filler contents with 
silica nanoparticles as compared to micron-size silica particles. Lower filler contents 
may, for example, represent lower materials acquisition costs for underfill resin 
manufacturers.  
 
Figure 9. Effect of particle size on the fracture toughness exhibited in silica-filled epoxy 
composites at various filler contents. Reproduced from [58]. 
 
 The use of micron-size fillers in underfill resins presents various processing 
challenges during flip-chip assembly. Micron-size fillers may settle before an underfill 
𝐷g 
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resin is fully cured and may become entrapped between solder bumps; thereby reducing 
surface wettability between an IC chip and PWB [59]. Additionally, these relatively 
large fillers may impart an opaque color to the underfill resin, which may affect IC chip 
placement to bonding pads lying below the underfill resin.  
 
 The inclusion of silica nanoparticles into an epoxy matrix has been reported to 
lead to an increase in fracture toughness with increasing filler content [e.g. 1-3, 13]. 
Rosso et al. showed that the addition of 5 vol% of 50 nm silica particles to a piperidine-
cured DGEBA-based epoxy can improve fracture toughness by 70% [60]. Zhang et al. 
investigated the effect of adding up to 14 vol% of 25 nm silica nanoparticles to an 
anhydride-cured cycloaliphatic epoxy system [61]. They found that fracture toughness 
increased from 0.42 MPa·m1/2 for the cured neat epoxy to 0.74 MPa·m1/2 for the highest-
filled system. The increased toughening was attributed to particle debonding at the 
filler-matrix interphase. Ma et al. found that the inclusion of up to 20 wt% of 20-30 nm 
silica nanoparticles increased fracture toughness in both diamine-cured and diamino 
diphenyl sulfone-cured DGEBA-based epoxy [13].  
Johnsen et al. reported a 240% increase in fracture toughness with the addition 
of up to 13.4 vol% of 20 nm silica nanoparticles in an anhydride-cured epoxy [62]. 
Liang and Pearson demonstrated that similar fracture toughness improvements may be 
achieved with the addition of up to 17.4 vol% of either 20 nm or 80 nm silica 
nanoparticle-filled piperidine-cured epoxies [1]. In addition, they studied the effect of 
curing conditions on the overall improvement in fracture toughness. Their results 
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showed that a curing schedule of 160 °C for 6 hours resulted in a larger improvement 
in fracture toughness as compared to curing at lower temperatures.  
Hsieh et al. reported improvements in fracture toughness with the addition of up 
to 13.7 vol% of 20 nm silica nanoparticles in four different epoxy systems [2]. Dittanet 
and Pearson found that similar fracture toughness improvements were achieved with up 
to 30 vol% of either 23 nm, 74 nm, and 170 nm silica nanoparticles in a piperidine-
cured epoxy [3]. Furthermore, as shown in Figure 10, their results revealed no effect of 
particle size on fracture toughness for silica nanoparticles ranging from 20 – 200 nm.  
 
 
Figure 10. Comparison of the fracture toughness exhibited by silica-filled epoxy 
nanocomposites containing silica nanoparticles of different particle sizes. Reproduced 
from [3]. 
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1.4.4 Toughening Mechanisms and Models in Micron-Scale Silica-Filled Epoxies 
 
 Micron-sized silica particles have been shown to improve the fracture toughness 
of silica-filled epoxy composites as compared to the unmodified epoxy [e.g. 11, 56-57]. 
At the micron scale, silica particles can be much larger than the approaching crack front, 
thus these particles may serve as physical impediments to crack propagation. Various 
toughening mechanisms have been observed to contribute to the increase in fracture 
toughness exhibited by micron-scale silica-filled epoxy nanocomposites. These 
toughening mechanism include crack path deflection [63], crack pinning and bowing 
[64], particle debonding and matrix yielding [56], and microcracking [65]. Examples of 
some of these toughening mechanisms are shown in Figure 11.  
	
Figure 11. SEM images of typical toughening mechanisms displayed by micro-scale 
silica-filled epoxy composites: a) microcracking, b) crack path deflection, c) crack 
pinning, and d) crack bowing. Reproduced from [43]. 
 
 Crack path deflection involves the tilting and twisting of a crack as it encounters 
particles and passes around them. Consequently, the total fracture surface area increases 
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and the crack may display mixed mode loading behavior. Faber and Evans proposed 
that the increase in fracture energy due to the increase in surface area may be expressed 
as [63]: 
𝐺GD𝐺GDg = 	12 1 + ∆2
4 	+	𝑟4∆2 																																																		(13) 
where 𝐺GD is the fracture energy of the composite, 𝐺GDg is the fracture energy of the 
matrix, ∆ is the center-to-center interparticle distance and 𝑟 is the radius of the particle. 
In addition, Faber and Evans described the anticipated increase in fracture energy due 
to tilting and twisting at a certain deflection angle [63]. They demonstrated that as ∆ 
gets smaller, larger deflection angles become more favorable and therefore fracture 
energy increases.  
 Crack pinning and bowing involve the loading of rigid particles into a matrix to 
retard crack front propagation. As shown in Figure 12, Lange proposed that crack’s 
progression slows down as it interacts with particles while proceeding normally in the 
space between particles [66]. Lange proposed that the increase in fracture energy is 
related to:  𝐺GD𝐺i = 	1 + 𝑇𝑑;𝐺i 																																																																			(14) 
where 𝐺GD and 𝐺i are the fracture energies of the composite system and unmodified 
matrix, respectively, 𝑇 is the line energy of the crack front and 𝑑; is the center-to-center 
interparticle spacing. 
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Figure 12. Schematic of crack propagation past rigid fillers as interpreted by Lange’s 
crack pinning theory [66]. 
 
 Subsequently, Rose [64] and Evans [67] expanded on Lange’s crack pinning 
theory to account for the additional energy required to form secondary cracks which 
could “bow” around particles. Evans related the increase in fracture energy to the 
additional stress needed to propagate secondary cracks. Green modified Evans analysis 
to include secondary crack interactions among other variables [68]. Finally, 
Spanoudakis and Young showed good agreement with experimental results where 
improvement in fracture energy as a function of volume fraction is modeled by [69]:   𝜎D𝜎i = 	 𝐸D𝐺𝐼𝑐𝐸i𝐺𝐼𝑐𝑜 @ 4 																																																																			(15) 
where 𝜎D is the stress required to propagate a crack in the composite, 𝜎i is the stress 
required to propagate a crack in the unmodified matrix, 𝐸D and 𝐸i are the Young’s 
moduli of the composite and the unmodified matrix, respectively, and 𝐺GD  and 𝐺GDi are 
the fracture energies of the composite and the unmodified matrix, respectively.  
 Microcracking involves the formation of small secondary cracks to alleviate the 
strain energy exhibited by the crack front. Microcracks may be initiated due to the 
interaction between the crack front and filler particles. Strain energy can be relieved by 
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the formation of new crack surfaces and the debonding of filler particles. 
Correspondingly, the total crack length that a crack travels to transverse the sample 
would increase. Rose proposed that the influence of microcracking would have an 
additive effect on fracture toughness based on the size of the microcracked zone [70]. 
Evans showed that the residual misfit strain between particles and the matrix leads to 
residual tangential tensile stresses which can be further augmented by the application of 
a load [65]. Matrix microcracking between particles could relieve these residual 
stresses.  Evans proposed that the increase in fracture toughness in systems that exhibit 
microcracking can be expressed as: 𝐽D𝐽i = 	1 − 𝑓 + 0.8 ln 𝐸𝐽D4𝜎N4𝑅 																																																(16) 
where 𝐽D and 𝐽i are the fracture toughness of the composite and unmodified matrix, 
repectively, 𝑓 is the volume fraction of particles,	𝐸 is the Young’s modulus of the 
composite, 𝜎N is the yield stress on the composite, and 𝑅 is the radius of the particles. 
The model suggests an inverse relationship between 𝑅 and 𝐽D. Evans accurately modeled 
the improvement in fracture behavior when using 13 µm as opposed to 40 µm glass 
sphere-filled epoxies within filler contents ranging from 10 vol% to 30 vol%.  
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 Subsequently, Gao and Wang proposed that microcracking may occur in a 
dissipation zone where the interaction between microcracks and the main crack leads to 
an observed increase in fracture energy (Figure 13) [71]. The dissipation zone may 
extend past the process zone generated by other toughening mechanisms. In their model, 
the fracture energy due to the contribution of microcracking can be expressed as: 
𝐺D = 	2𝛾0 11 −	𝜋2 𝜌(3 − 𝜋𝜌) × 2 cos 𝛽2
uvw 4uvw xvy z4 {@ − 𝑝𝑎 𝜌1 −	𝜌𝜋2 @ 4 				(17) 
where 𝛾0 is the fracture energy of the unmodified epoxy, 𝜌 is the dimensionless density 
of microcracks, 𝛽 is the angle of branching (i.e. bifurcating) and 𝑝 𝑎 is the ratio of the 
depth of the process zone to the length of the microcracks. Gao and Wang found that 
generally the angle of branching is 90° or smaller, 𝐺D decreases as 𝑝 𝑎 decreases, and 𝜌 may vary from 0 to 0.65 [71]. Pearson and Yee used the Gao and Wang microcracking 
model to understand the fracture behavior of poly(phenylene oxide) (PPO)-modified 
epoxies [72]. They found that the density of microcracks was dependent on the type of 
copolymer used to stabilize the morphology of 2 µm PPO particles. 
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Figure 13. Schematics showing A) the angle of branching, β, of the crack tip and B) 
crack tip interaction with the process zone (2𝑝) and microcrack dissipation zone (2𝑟}) 
in the Gao and Wang microcracking model [71]. 
 
 Particle debonding and matrix yielding via shear band formation have also been 
observed as toughening mechanisms in micron-scale silica-filled epoxy composites [e.g. 
48-49, 56-57]. Lee and Yee proposed that the increase in fracture toughness observed 
in glass bead-filled epoxy composites was attributed to a combination of step formation 
at the fracture surface, debonding of the glass beads, and diffuse matrix shear yielding 
and micro-shear banding [48-49]. Kawaguchi and Pearson found evidence of crack 
pinning, particle debonding and matrix shear yielding as toughening mechanisms 
contributing to the improvement in fracture toughness [73]. Modeling the contribution 
of these two mechanisms is discussed in the following section.  
1.4.5 Toughening Mechanisms and Models in Nanoscale Silica-Filled Epoxies 
 
 Recent studies have identified particle debonding with subsequent matrix void 
growth and matrix shear banding as the principle toughening mechanisms in silica-filled 
   A 
B 
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epoxy nanocomposites (Figure 14) [e.g. 1-3]. When a load is applied to a matrix that is 
filled with rigid nanoparticles, stress concentrations arise due to the modulus mismatch 
between the two phases [74]. Near the crack tip, the triaxial tensile stresses promote 
particle-matrix debonding. Particle debonding is commonly observed near the crack tip 
on fracture surface by scanning electron microscopy.  
 
Figure 14. Schematic representation of particle debonding with subsequent void growth 
and matrix shear banding in the region just ahead of the crack tip [3]. 
 
 The debonding process absorbs little energy compared to the plastic deformation 
of the matrix. However, debonding is essential because it reduces the triaxial constraint 
at the crack tip and allows the matrix to deform plastically via a void growth mechanism 
[62]. Subsequent, matrix void growth alleviates the degree of triaxial stress in the matrix 
[75]. Additionally, the change in stress state near the crack tip facilitates matrix shear 
yielding and the local interaction of stress fields give rise to shear bands. Shear bands 
form at 45° to the applied stress and their growth is driven by the incremental reduction 
in stress in the matrix. Shear banding is commonly attributed to the subsurface 
birefringent regions observed ahead of the crack tip by transmission optical microscopy 
under cross-polarized light. 
 Various attempts have been made toward modeling the contribution of these 
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toughening mechanisms to the overall fracture energy in silica-filled epoxy 
nanocomposites. These efforts include the models proposed by Williams [76], 
Quaresimin et al. [77], and numerous modifications of the Huang and Kinloch model, 
which was originally developed for rubber-toughened polymers [5].  
 Williams focused solely on the contribution of particle debonding and subsequent 
void growth as the dominant toughening mechanism in silica-filled epoxy 
nanocomposites [76]. He considered rigid spherical nanoparticles in a matrix and found 
that a critical interfacial stress need to be overcome to initiate particle debonding. By 
using an approach similar to Chen et al., he determined that the critical interfacial stress, 𝜎D~, to debond an individual particle can be expressed as:  
𝜎D~ = 	 41 +	𝜐g 𝐸g𝐺[𝑟i 																																																																			(18) 
where 𝜐g is the Poisson’s ratio of the matrix, 𝐸g is the Young’s modulus of the matrix, 𝐺[ is the interfacial debonding energy per unit area, and 𝑟i is the radius of the particle. 
When considering the debonding of many particles, Williams expressed the overall 
fracture energy as:  
𝐺GD = 	𝐺Gg 1 +	𝜐g 42𝜋 1 −	𝜐g 𝑒(
 	 @	4 @{	 {@)𝜎D~𝜎Ng 	 1 + 	𝜐g2 1 −	𝜐g −	 5𝜐g − 12 1 +	𝜐g 	 𝜙 + 1 − 1.21𝜙4 ` 		(19) 
where 𝐺Gg is the fracture energy of the unmodified matrix, 𝜙 is the volume fraction of 
particles and 𝜎Ng is the yield stress of the matrix. When compared to experimental data 
obtained by Hsieh et al. [2], William’s model underestimated 𝐺GD below 10 vol% of 
 29 
filler and overestimated 𝐺GD above 10 vol% of filler. Williams predicted that in the case 
of nanocomposites, 𝐺[ should be the equivalent to the thermodynamic surface energy 
of the nanoparticle filler. The Williams model does not account for particle-particle 
interactions and does not address the effects of particle agglomeration on 𝜎D~ or 𝐺GD.    
 Quaresimin et al. have proposed a multi-scale modeling approach to the fracture 
behavior of polymer nanocomposites [77]. As shown by the schematic in Figure 15, 
Quaresimin et al. have attempted to accurately represent material behavior at the 
nanoscale, microscale and macroscale. Behavior at the different length scales is 
approximated and linked using continuum and micromechanical modeling. At the 
nanoscale, filler-matrix interactions are taken into account by determining the elastic 
properties of the interphase regions which exist in between the filler particles and the 
matrix. The Quaresimin et al. model takes into account three toughening mechanism: 
particle debonding, plastic yielding of nanovoids and matrix shear banding. Fracture 
energy is expressed as:  
𝐺GD = 	 𝐺Gg	1 −	𝑉? ΨA +	ΨAN +	Ψ; 																																									(20) 
where 𝐺Gg is the fracture energy of the unmodified matrix, 𝑉? is the volume fraction of 
fillers, ΨA is the toughening contribution from particle debonding, ΨAN is the 
toughening contribution from plastic yielding of nanovoids, and Ψ; is the toughening 
contribution from matrix shear banding.  
 30 
 
Figure 15. Schematic description of the multiscale modeling approach used by 
Quaresimin et al. [78]. 
 
 The expressions for ΨA, ΨAN, and Ψ; have been defined in detail over a series 
of recent publications [77-81]. Generally, each expression depends on the elastic 
properties of the filler particles, matrix and interphase region. The Quaresimin et al. 
model assumes that the properties of the interphase region are homogeneous and 
isotropic. In addition, particle-particle interactions are ignored and therefore the model 
is limited to nanocomposites containing low filler contents. The elastic properties of the 
filler and matrix are taken from experiment results but the elastic properties of the 
interphase are estimated through molecular dynamic simulations or fitted with 
experimental data of a particular nanocomposite system [77-78]. As shown in Figure 
16, the Quaresimin et al. model is capable of fitting the experimental results on 20 nm 
silica-filled epoxy nanocomposites reported by Hsieh et al. [2] by assuming various 
interphase properties. However, there is significant variation when the model is applied 
to other systems. For example, as shown in Figure 17, by using an average of estimated 
interphase property values, agreement with the experimental results on 74 nm silica-
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filled epoxy nanocomposites reported by Dittanet and Pearson [3] was only achieved at 
8 wt% of silica filler content [77]. Furthermore, there was a significant disagreement 
between the experimental and modeled change in fracture energy as a function of filler 
content.  
 
Figure 16. Comparison between experimental results obtained by Hsieh et al. [2] and 
anticipated values from the Quaresimin et al. model [77] for 20 nm silica-filled epoxy 
nanocomposites [78]. 
 
 
Figure 17. Comparison between experimental results obtained by Dittanet and Pearson 
[3] and anticipated values from the Quaresimin et al. model [77] for 74 nm silica-filled 
epoxy nanocomposites [77]. 
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 Huang and Kinloch proposed that the fracture energy of particle-filled epoxies 
may be represented as [5]:  𝐺GD = 	𝐺GD + 	Ψ																																																																			(21) 
 
where the fracture energy of the filled epoxy, 𝐺GD, is equivalent to the sum of the fracture 
energy of the unfilled epoxy (i.e. the matrix), 𝐺GD, and the toughening contributions, Ψ, that arise due to particle loading. When applied to silica-filled epoxy 
nanocomposites, the Huang & Kinloch model assumes 100% particle debonding and 
therefore fracture energy is modeled as:  𝐺GD = 	𝐺GD +	Δ𝐺 + Δ𝐺;																																																									(22) 
where the energy contribution from particle debonding with subsequent void growth, Δ𝐺, is expressed as: 
Δ𝐺 = 1 − 𝜇g43 𝑉? − 𝑉?~ 𝐾g4𝜎ND𝑟N																																							(23) 
and the energy contribution from shear banding, Δ𝐺;, is expressed as: 
Δ𝐺; = 	0.5 1 + 𝜇g3 4 4𝜋3𝑉? @/` − 5435 𝐾g4	𝑉?	𝜎ND𝛾?𝑟N																												(24) 
In Equations 23 and 24,  𝜇g is a factor for the pressure dependence of the von Mises 
yield criterion for epoxy, 𝑉? is the volume fraction of voids, 𝑉?~ is the volume fraction 
of particles, 𝐾g is the maximum stress concentration factor of the von Mises stress in 
the epoxy matrix, 𝜎ND is the compressive yield stress, 𝑉? is the volume fraction of 
particles, 𝛾? is the shear fracture strain of the epoxy matrix, and 𝑟N is the radius of the 
plastic zone.  
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Various modifications to Huang and Kinloch model have been made to better 
reflect experimental results. Johnsen et al. modeled fracture toughness based solely on 
the contribution of plastic void growth [62]. Their anticipated results overestimated the 
measured fracture energy primarily due to the assumption that all silica particles 
debonded and initiated void growth. Liang and Pearson included the contribution of 
void growth by determining the increased volume fraction of voids. They expressed 𝑉? − 𝑉?~  from Equation 23 as [1]: 
𝑉? − 𝑉?~ = 	 𝑣𝑣 +	𝑣g − 𝑣A𝑣A +	𝑣g 																																								(25) 
where 𝑣 is the volume of voids, 𝑣A is the volume of particles, 𝑣g is the volume of the 
matrix. The volume of voids was calculated using the average void diameter obtained 
from SEM images. Furthermore, Liang and Pearson included the contribution from 
shear banding to produce good agreement with experimental results albeit at only at low 
filler concentrations. 
 
Many researchers have suggested that the contribution of Δ𝐺 should be scaled 
to the amount of particle debonding observed ahead of the crack tip [e.g. 2-3, 6]. Hsieh 
et al. modified the model used by Johnsen et al. and found better agreement between 
experimental and predicted data by removing the assumption that all particles debonded 
[2]. Dittanet and Pearson showed that good agreement was achieved when modeling 
particle debonding by only 10% of silica nanoparticle (Figure 18) in silica-filled epoxy 
nanocomposites containing 20 – 200 nm particles [3]. Thus, they postulated that shear 
banding was the energetically dominant toughening mechanism for silica-filled epoxy 
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nanocomposites as compared to the fracture energy contribution from debonding and 
subsequent plastic void growth.  
 
Figure 18. Comparison between the Huang and Kinloch model and Dittanet and Pearson 
model for analyzing the experimental results obtained by Dittanet and Pearson in [3]. 
 
Zamanian et al. proposed that good agreement between experimental and 
modeled fracture energy can be achieved if both Δ𝐺 and Δ𝐺; are scaled by a coefficient, 𝐶, [82]:  Ψ = 𝐶 Δ𝐺 + Δ𝐺; 																																																															(26) 
However, 𝐶 is only a fitting parameter and does not correspond to any measureable 
fracture characteristic of silica-filled epoxy nanocomposites.  
Bray et al. utilized finite-element analysis to propose the most recent 
modification to the Huang & Kinloch model for silica-filled epoxy nanocomposites [6]. 
Their work utilized a two-dimensional mesh, which allowed the application of a pure 
 35 
hydrostatic stress (Figure 19). A critical hydrostatic stress was determined from 
previously collected experimental results and used to determine the energy required to 
debond a particle at various positions around a void (point A in Figure 19). Bray et al. 
showed that the debonding energy required to debond the first two nearest neighbor 
particles away from a void was much higher than the energy needed to debond an 
isolated void. Therefore, the two nearest neighbor particles are shielded from 
debonding. The debonding energy was found to decrease to the energy required for 
debonding an isolated particle after the sixth-nearest neighbor particle away from the 
initial void. Therefore, only one particle in every seven particles (14.3%) would exhibit 
debonding and void growth. Therefore, Bray et al. modified the Huang and Kinloch 
model by limiting the contribution of particle debonding with subsequent void growth:  𝐺GD = 	𝐺GD +	 .143Δ𝐺 + Δ𝐺;																																																					(27) 
 Application of the Bray et al. model to results previously collected by Dittanet and 
Pearson show sufficient agreement although fracture energy is under-predicted for 
lower filler contents and over-predicted at higher contents (Figure 20). Bray et al. 
showed that their model produced better agreement with experimental data within filler 
contents ranging from 10 vol% to 20 vol% [6]. Above 20 vol%, fracture energy was 
overestimated. Bray et al. assumed weak particle-matrix interaction and neglected the 
influence of filler particle size on debonding energy. Consequently, further modeling 
modifications may be required to accurately predict the behavior of real world silica-
filled epoxy nanocomposites.  
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Figure 19. Schematic representation of a deformed mesh containing a void at point A in 
an epoxy matrix filled with silica nanoparticles (numbered by nearest neighbor to the 
void at point A) [6]. 
 
Figure 20. Application of the Bray et al. model (solid line) for analyzing the 
experimental results obtained by Dittanet and Pearson in [3]. Reproduced from [6]. 
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1.5 Objective and Contents of This Dissertation 
 
 The objective of this dissertation is to bridge the gap between the modeled and 
measured fracture behavior of silica-filled epoxy nanocomposites.    
 In Chapter 1, a general overview of epoxies and fracture mechanics was provided. 
In addition, an overview of the progress in utilizing silica particles as toughening agents 
in epoxies was described. Furthermore, models for assessing the contribution of various 
toughening mechanisms present in silica-filled epoxy nanocomposites were discussed.  
 In Chapter 2, in an effort to aid the development of accurate toughening models, 
a systematic approach is developed for characterizing particle debonding near crack tips 
in silica-filled epoxy nanocomposites. The thermal and mechanical properties of a well-
studied silica nanoparticle-toughened epoxy system are established. Then, particular 
emphasis is placed on accurately depicting particle debonding as a function of distance 
away from a crack tip. The results are used to determine a representative parameter for 
assessing the toughening contribution of void growth to fracture energy. Finally, a 
model is introduced to incorporate the contribution of all toughening mechanisms 
observed in silica-filled epoxy nanocomposites. 
 In Chapter 3, the effect of silica surface modification on the fracture behavior of 
silica-filled epoxy nanocomposites is explored. Three different surface treatments are 
used to modifying nominally 50 nm diameter silica nanoparticles. Nanocomposites are 
cured containing up to 10 vol% of each type of surface-treated silica nanoparticles. 
Thermal, rheological and inverse gas chromatography techniques are utilized to 
elucidate filler-matrix interactions. Subsequently, thermal and mechanical properties 
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are evaluated for each nanocomposite. Fractographical analysis is employed to 
determine the underlying toughening mechanisms in these nanocomposites. Finally, the 
contribution of each toughening mechanism is modeled, using the proposed model 
developed in Chapter 2, to generate anticipated fracture energy values which are then 
compared to measured fracture energy values.  
 In Chapter 4, the effect of particle porosity on the fracture behavior of silica-filled 
epoxy nanocomposites is explored. The same surface treatment is applied to non-porous 
and porous silica nanoparticles with varying particle sizes, ranging from 25 nm to 
100 nm. Experimental procedures similar to Chapter 3 are followed including curing 
nanocomposites with up to 10 vol% of each type of silica nanoparticle, characterizing 
filler-matrix interactions as well as establishing thermal and mechanical properties for 
each nanocomposite. In addition, fractographical analysis is employed to determine the 
underlying toughening mechanisms in these nanocomposites, and then the contribution 
of each toughening mechanism is modeled, using the proposed model developed in 
Chapter 2. The anticipated fracture energy values are then compared to measured 
fracture energy values. 
 Finally, in Chapter 5, the main conclusions of this dissertation are summarized. 
In addition, recommendations for future studies are suggested to build upon the results 
achieved in this dissertation.   
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CHAPTER 2: CHARACTERIZING PARTICLE DEBONDING NEAR CRACK 
TIPS IN SILICA-FILLED EPOXY NANOCOMPOSITES 
 
2.1 Introduction 
 
Recent studies have identified particle debonding with subsequent matrix void 
growth and matrix shear banding as the principle toughening mechanisms in silica-filled 
epoxy nanocomposites [1-4]. A fractographical analysis is commonly used to 
characterize these toughening mechanisms. Particle debonding is commonly observed 
in the areas near crack tips on fracture surfaces by scanning electron microscopy (SEM) 
[e.g. 1-3]. Generally, SEM images are analyzed to obtain the ratio of debonded particles 
relative to the total number of particles observed near crack tips on fracture surfaces. 
The presence of subsurface birefringent regions just ahead of crack tips observed by 
transmission optical microscopy (TOM) has been attributed to matrix shear banding 
[e.g. 1-3]. Fractographical measurements taken from these areas are used for modeling 
the contribution of these toughening mechanisms to the overall fracture energy achieved 
in silica-filled epoxy nanocomposites. Attempts at modeling the contribution of these 
toughening mechanisms take their roots from early efforts by Evans et al. [5] and Huang 
and Kinloch [6] on rubber-toughened polymers. Various modifications to the Huang 
and Kinloch model have been made to capture the contribution of these toughening 
mechanisms in silica-filled epoxy nanocomposites.  
Accurately characterizing particle debonding, in particular, has received 
significant attention in literature [e.g. 2-4]. Johnsen et al. measured particle debonding 
and subsequent void growth from SEM images taken near the crack tips on fracture 
surfaces from 20 nm silica-filled epoxy nanocomposites [7]. They attributed increases 
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in fracture energy as a function of filler content (up to 20.2 vol%) based solely on a void 
growth toughening mechanism. By assuming that all particles underwent debonding and 
subsequent void growth, their model underestimated fracture energy at lower filler 
contents and overestimated fracture energy at higher filler contents. Liang and Pearson 
observed particle debonding on fracture surfaces in both 20 nm and 80 nm silica-filled 
epoxy nanocomposites [1]. They utilized void growth measurements from SEM images 
for modeling the contribution of void growth to the overall fracture energy observed in 
their nanocomposites. Their analysis also included the contribution of matrix shear 
banding and ultimately, anticipated higher fracture energy values compared to the 
fracture energy obtained experimentally. Hsieh et al. estimated that 15% +/- 5% of 
particles debonded in 20 nm silica-filled epoxy nanocomposites [2]. They found that 
particle debonding was independent of volume fraction for the range of silica-filled 
epoxy nanocomposites that were investigated (up to 13.4 vol%). Their model 
incorporated void growth measurements but did not include the fraction of debonded 
particles and ultimately overestimated fracture energy.  
Dittanet and Pearson found an average of 10% of particles debonded in epoxy 
nanocomposites filled with up to 30 vol% of silica nanoparticles with three different 
particle sizes (23, 74, and 170 nm, respectively) [3]. They postulated that matrix shear 
banding was the energetically dominant toughening mechanism for silica-filled epoxy 
nanocomposites as compared to the fracture energy contribution from particle 
debonding with subsequent void growth. Their analysis limited the contribution of void 
growth based on the measured percentage of particles debonding, which resulted in 
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better agreement between modeled and experimental fracture energy results.  
Bray et al. utilized the experimental results obtained by Dittanet and Pearson to 
develop a finite-element model for predicting fracture behavior in silica-filled epoxy 
nanocomposites [4]. Their results suggest that the energy required to debond the first 
two nearest neighbor particles away from a void is much higher than the energy needed 
to debond an isolated void; therefore, the two nearest neighbor particles are shielded 
from debonding. Furthermore, they found that the energy required for debonding an 
isolated particle is not attained until after the sixth-nearest neighbor particle away from 
the initial void is reached; thus, only one particle in every seven particles (14.3%) will 
exhibit debonding from the matrix. By limiting the contribution of void growth to 14.3% 
in their model, they showed satisfactory agreement with the experimental results 
previously collected by Dittanet and Pearson. However, fracture energy was under-
predicted by approximately 50% for filler contents lower than 10 vol% and over-
predicted by approximately 25% for filler contents above 20 vol%.  
In an effort to aid the development of accurate toughening models, the objective 
of this chapter is to develop a systematic approach for characterizing particle debonding 
near crack tips in silica-filled epoxy nanocomposites. The thermal and mechanical 
properties of a well-studied silica-filled epoxy nanocomposite are evaluated. Then, 
particular emphasis is placed on accurately depicting particle debonding as a function 
of distance away from a crack tip. Criteria are established to determine which debonded 
particles are reflective of a void growth toughening mechanism. The results are used to 
determine a representative parameter for assessing the toughening contribution of void 
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growth to overall fracture behavior. Finally, a modified Huang and Kinloch model is 
introduced for anticipating the overall fracture energy by incorporating all of the 
toughening mechanisms observed in this study. 
2.2 Experimental 
 
2.2.1 Materials 
 
 Cured plaques of epoxy consisting of 1 vol%, 5 vol% and 10 vol% silica 
nanoparticles were provided by 3M Corporation. The silica nanoparticles used in this 
study have a particle size of nominally 100 nm (in diameter), have a density of 2.1 g/cm3 
and are surface-modified with a proprietary surface treatment to facilitate particle 
dispersion.  
A diglycidyl ether of bisphenol A-based epoxy resin (DER 331, Dow Chemical 
Company), with an equivalent molecular weight of 187 g/mol, was first hand mixed 
with the appropriate amount of dry silica nanoparticles to reach the desired final 
concentrations. The mixtures were then mixed under vacuum for 15 minutes at room 
temperature. Thereafter, 5 parts per hundred resin (phr) piperidine (Piperidine – 99%, 
Alfa Aesar) was added as a curing agent. A FlackTek centrifugal mixer, operating in 
two 10 second bursts at 2500 rpm each, was used for final mixing. The mixtures were 
then poured into pre-heated molds and then cured for 6 hours at 160 °C. Finally, the 
cured nanocomposites were gradually cooled to room temperature in an oven for 24 
hours. For comparison, a cured unmodified epoxy was made at Lehigh University using 
the same cure schedule.  
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2.2.2 Materials Characterization 
 
2.2.2.1 Compositional Analysis of Cured Nanocomposites  
 
Thermogravimetric analysis was used to determine the final concentration of 
silica nanoparticles in each of the cured nanocomposites received from 3M Corporation 
according to ASTM E2550 standard testing guidelines [8]. Samples weighing 
approximately 10 – 20 mg were placed in a platinum crucible and loaded into a 
thermogravimetric analyzer (TGA Q500, TA Instruments). The samples were heated 
from 25 °C to 700 °C at a ramp rate of 10 °C/min under an air environment. The weight 
loss in each sample was recorded as a function of temperature. Universal Analysis 
software (TA Instruments) was used to determine the weight percent of silica 
nanoparticles remaining after the temperature ramp. Two samples were tested from each 
cured nanocomposite.  
Transmission electron microscopy was used to examine the morphology of the 
cured nanocomposites. Portions of the 1 vol% and 10 vol% cured nanocomposites were 
were sent to Dr. Gregory Hendricks at the Core Electron Microscopy Facility of the 
University of Massachusetts Medical School (Worcester, MA) for ultramicrotoming 
and carbon coating. The sectioned samples, approximately 100 nm in thickness, were 
imaged in a transmission electron microscope (JEOL-2000FX) operating at an 
accelerating voltage of 200kV. 
2.2.2.2 Thermal Analysis of Cured Nanocomposites 
 
Differential Scanning calorimetry was used to determine the glass transition 
temperature (𝑇) of each nanocomposite according to ASTM D7426 standard testing 
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guidelines [9]. Samples weighing approximately 10 mg were placed into hermetically-
sealed aluminum pans and loaded into a differential scanning calorimeter (DSC Q2000, 
TA Instruments). First, the samples were heated from 25 °C to 200 °C at a ramp rate of 
10 °C/min under a nitrogen environment and then cooled down to 25 °C at the same 
ramp rate to remove any thermal history. Then, a second heating ramp was conducted 
from 25 °C to 200 °C at a ramp rate of 10 °C/min. Heat flow into and out of the sample 
was recorded for each temperature cycle. Universal Analysis software (TA Instruments) 
was used to determine the glass transition temperature (𝑇) of each nanocomposite. Two 
samples were tested from each cured nanocomposite.  
2.2.2.3 Mechanical Characterization of Nanocomposites 
 
Compression testing was performed on a screw-driven universal materials 
testing machine (Instron 5567) to determine the compressive yield stress (𝜎N) of each 
nanocomposite. Samples were prepared, tested, and analyzed according to ASTM D695 
standard testing guidelines [10]. First, sample bars were machined to the following 
dimensions: 12 mm x 6 mm x 6 mm. Prior to testing, samples were annealed for 1 hour 
at 100 °C to relieve: 1) potential physical aging differences between samples processed 
at different times and 2) any residual stress variations due to sample curing and 
machining. Testing was conducted at a crosshead speed of 1 mm/min. Directly before 
loading, a thin layer of graphite powder was added to the top and bottom surfaces of 
each sample as a lubricant between the sample and the test fixtures. Five samples were 
tested from each cured nanocomposite.  
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Single-edge notch bend testing was performed on a screw-driven universal 
materials testing machine (Instron 5567) to determine the plane-strain fracture 
toughness (𝐾GT) of each nanocomposite. Samples were prepared, tested, and analyzed 
according to ASTM D5045 standard testing guidelines [11]. First, sample bars were 
machined to the following dimensions: 76.2 mm x 12.7 mm x 6.3 mm. Then, a jeweler’s 
saw was used to make a pre-notch in each sample bar. Next, a razor blade was chilled, 
in liquid nitrogen, and then lightly tapped into the pre-notch to generate a natural, sharp, 
self-propagating and penny-shaped crack. Samples were tested using a crosshead speed 
of 1 mm/min. A minimum of ten samples were tested for each nanocomposite. After 
testing, crack length measurements were conducted on the fracture surfaces of each 
sample. In addition, load-displacement curves were analyzed to ensure that the proper 
peak load value was used to calculate  the conditional fracture toughness (𝐾U). The 
general formula for 𝐾U is as follows: 
𝐾U = 	 𝑃U𝐵𝑊@ 4 𝑓 𝑎𝑊 																																																													(1) 
where 𝑃U is the maximum load at break, 𝐵 is the sample thickness, 𝑊 is the sample 
width,  𝑎  is the crack length, and 𝑓 [\   is the shape factor which is determined as 
follows:  
𝑓 𝑎𝑊 = 	6 𝑎𝑊 @ 4 1.99	 −	 𝑎𝑊 1 − 𝑎𝑊 2.15	– 	3.93 𝑎𝑊 	+ 2.7 𝑎𝑊 41 + 2 𝑎𝑊 1 − 𝑎𝑊 ` 4 					(2) 
The validity of each  𝐾U was analyzed according to the procedure outlined in Section 
9.1 of ASTM D5045 [11] to ensure that each result meets crack length and size criteria 
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standards for linear elastic fracture mechanics. Finally, a minimum of five valid 𝐾U 
measurements were used to report an average plane-strain fracture toughness (𝐾GT) for 
each nanocomposite.  
 The critical strain energy release rate (𝐺GD) was determined by integrating the 
load-displacement curves up to the load point for the samples that produced valid 𝐾U 
measurements. The energy, 𝑈, from the integrated area was then used to calculate the 
conditional fracture energy, 𝐺U using the following:  
𝐺U = 	 𝑈𝐵𝑊𝜙 																																																																			(3) 
where 𝑈 is the energy obtained from the integrated load-displacement curve, 𝐵 is the 
sample thickness, 𝑊 is the sample width, and 𝜙 is the crack compliance function. 
Values for 𝜙 are obtained from Table 1 from ASTM D5045 [11]. The accuracy of each  𝐺U was analyzed according to the procedure outlined in Section 9.3 of ASTM D5045 
[11]. Finally, a minimum of five valid 𝐺U measurements were used to report an average 
critical strain energy release rate (𝐺GD) for each nanocomposite.  
2.2.3 Fractography of Nanocomposites  
 
 Scanning electron microscopy was used to the examine fracture surfaces 
produced from three-point bend testing.  All samples were sputter-coated with iridium 
to reduce sample charging during imaging. Furthermore, the sides of the samples were 
coated with silver paint to facilitate electron conduction to ground. The samples were 
imaged in a scanning electron microscope (Zeiss 1500 SEM) equipped with an in-lens 
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secondary electron detector. An accelerating voltage of 5 kV was used. In addition, low-
voltage SEM imaging techniques as outlined by Goldstein et al. [12] were used.  
 Transmission optical microscopy was used to investigate subsurface damage in 
the fractured samples produced from three-point bend testing. The samples were ground 
and polished to produce thin sections that were approximately 100 microns in thickness 
using standard petrographic techniques [13]. Bright field and cross-polarized light 
imaging was conducted on a light optical microscope (Olympus Model BH2).  
2.3 Results & Discussion 
 
2.3.1 Compositional Analysis of Cured Nanocomposites 
 
 Thermogravimetric analysis performed on the as-received cured 
nanocomposites from 3M Corporation suggests excellent agreement between the target 
and achieved filler concentrations. The volume percent of silica was calculated for each 
nanocomposite using the following equation: 
𝑣; = 	 𝑤;𝜌;𝑤;𝜌; 	+	𝑤𝜌 																																																																				(4) 
Where 𝑣; is the volume percent of silica, 𝑤; and 𝑤 are the measured weight percent of 
silica and epoxy respectively and, 𝜌; and 𝜌 are the density of silica and epoxy, 
respectively.  The density of cured and unfilled epoxy was measured to be 1.166 g/cm3. 
The density of silica was provided by 3M Corporation and verified to be 2.1 g/cm3. As 
shown in Table 1, the calculated silica contents were at most 0.2 vol% lower than the 
target values. Such deviations in filler contents are typical when processing 
nanocomposites. No significant differences in fracture behavior are anticipated among 
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nanocomposites with such minimal deviations in filler contents. Therefore, the as-
received cured nanocomposites will be subsequently addressed by their target filler 
contents.  
Table 1. Comparison of target and calculated silica contents for each nanocomposite. 
Target Silica Content 
(vol%) 
Measured Silica Content 
(wt%) via TGA 
Calculated Silica Content 
(vol%) 
0 0 0 
1 1.61 +/- 0.01 0.9 
5 8.36 +/- 0.1 4.8 
10 16.31 +/- 0.4 9.8 
 
 The morphologies of the 1 vol% and 10 vol% cured silica-filled epoxy 
nanocomposites are shown in Figure 1. The TEM images taken at lower magnification 
(Figure 1A and Figure 1C) reveal that the silica nanoparticles are randomly dispersed 
in the epoxy matrix. Furthermore, particle agglomeration was minimal with clusters 
consisting of at most three nanoparticles. A similar morphology was obtained by 
previous studies using the same curing conditions and silica nanoparticles ranging from 
23 nm to 170 nm, also provided by 3M Corporation [1, 3]. Some of the images show 
voids from debonded nanoparticles which are artifacts from the ultramicrotoming 
process used to generate thin sections of the epoxy nanocomposites prior to TEM 
imaging. Since the morphology of the low and high filled epoxy nanocomposites are 
self-consistent, a similar morphology is assumed for the 5 vol% cured epoxy 
nanocomposite. The number average particle size (diameter) of the silica nanoparticles 
was measured to be 99 +/- 9 nm. 
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Figure 1. TEM images of the 1 vol% and 10 vol% cured silica-filled epoxy 
nanocomposites: A) 1 vol% concentration at low magnification, B) 1 vol% 
concentration at high magnification, C) 10 vol% concentration at low magnification, 
and D) 10 vol% concentration at high magnification. 
 
2.3.2 Thermal Analysis of Cured Nanocomposites  
 
 The glass transition temperatures (𝑇) of the cured silica-filled epoxy 
nanocomposites were measured to be within 4 °C of the measured 𝑇 of the cured 
unmodified epoxy. As shown in Table 2, the addition of the silica nanoparticles resulted 
in a slight reduction in 𝑇 as compared to the 𝑇 of the cured neat epoxy. The glass 
transition in polymers typically occurs over a range of temperatures.  Shifts in the glass 
A B 
D C 
 53 
transition, due to the presence of nanoparticles, may be attributed to the differences in 
the state of cure between unfilled and filled thermosets, residual stress, and/or matrix-
particle interactions. Wetzel et al. reported a shift in 𝑇 of more than 10 °C with the 
addition of up to 10 vol% of alumina nanoparticles into an epoxy matrix [14]. They 
attributed the increase in 𝑇 to regions of immobilized epoxy at the interface between 
the alumina nanoparticles and the epoxy matrix. In the same study, the addition of 
titanium dioxide nanoparticles was found to produce a negligible shift in 𝑇 of only 2 
°C. Sanctuary et al. founded that silica nanoparticles also produce a negligible shift in 𝑇 [15]. Baller et al. utilized rheological and temperature-modulated differential 
scanning calorimetry to further examine the interaction between silica nanoparticles and 
the epoxy matrix during cure [16]. Their results suggest that interactions between silica 
nanoparticle and the epoxy matrix are very weak and do not restrict network formation 
during cure. Therefore, the slight reductions in 𝑇 shown in Table 2 are not significant 
enough to suggest differences in as-cured conditions between the unmodified epoxy and 
the silica-filled epoxy nanocomposites used in this study. 
Table 2. Measured glass transition temperatures for each silica-filled epoxy 
nanocomposite. 
Silica Content (vol%) Measured Glass Transition Temperature (°C) via DSC 
0 76.9 +/- 0.2 
1 73.2 +/- 0.2 
5 73.5 +/- 0.4 
10 75.5 +/- 0.3 
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2.3.3 Mechanical Characterization of Nanocomposites 
 
 The addition of up to 10 vol% of silica nanoparticles did not alter the 
compressive yield stress with respect to the compressive yield stress of the cured 
unmodified epoxy. As shown in Table 3, the average compressive yield stress values 
for each concentration are within error of each other. Similar yield stress behavior for 
silica-filled epoxy nanocomposites has been reported recently by many researchers [1, 
3, 17, 18].  
As discussed in Section 2.3.2, the interaction between silica nanoparticles and 
the epoxy matrix is very weak. Therefore, without sufficient interfacial adhesion, there 
is not sufficient stress transfer between the silica nanoparticles and the epoxy matrix to 
withstand increased loading. As a result, at best the yield stress of the nanocomposites 
matches the yield stress of the cured unmodified epoxy. Interestingly, Jumahat et al. 
showed that while yield stress values remain constant with particle loading, post-
yielding the inclusion of silica nanoparticles does not obstruct strain-softening behavior 
and may promote additional mechanisms of energy dissipation prior to failure [18]. If 
on the other hand, the adhesion between an inorganic filler and the epoxy matrix is 
improved, then improvements in yield stress as a function of particle loading are 
conceivable. Kawaguchi and Pearson reported improved yield stress behavior as a 
function of particle loading when 42 µm diameter silica particles were surface-treated 
with adhesion promoters [19].  
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Table 3. Measured mechanical properties of each silica-filled epoxy nanocomposite. 
Silica Content (vol%) σy (MPa) KIC (MPa⋅m1/2) GIC (J/m2) 
0 94.3 +/- 0.3 0.85 +/- 0.02 255 +/- 14 
1 93.3 +/- 0.7 1.39 +/- 0.02 613 +/- 9 
5 94.3 +/- 0.2 1.87 +/- 0.05 1388 +/- 20 
10 95.1 +/- 0.5 2.03 +/- 0.06 1658 +/- 65  
  
 The fracture toughness (KIC) of the silica-filled epoxy nanocomposites improves 
with increasing silica content. In the cured unmodified epoxy, KIC was measured as 
0.85 +/- 0.02 MPa⋅m1/2 (Table 3). The addition on 1 vol% of silica nanoparticles with a 
particle size of approximately 100 nm lead to a 64% improvement in fracture toughness. 
At 5 vol% of silica nanoparticles, fracture toughness improved by 120% and, at 10 vol% 
of silica nanoparticles, the improvement was nearly 140%. The measured data suggests 
a logarithmic relationship between fracture toughness and silica content. Each 
incremental increase in silica content leads to diminishing improvements in fracture 
toughness. Therefore, it can be expected that with silica contents larger than 10 vol% 
there may exist a critical value of silica content above which no further improvement in 
fracture toughness is achieved. The general trend of a logarithmic improvement in 
fracture toughness for silica-filled epoxy nanocomposites has been observed previously 
[1, 3]. The KIC values obtained agree with the KIC measurements reported by Liang and 
Pearson for 80 nm silica-filled epoxy nanocomposites [1] and by Dittanet and Pearson 
for 23nm, 74 nm and 170 nm silica-filled epoxy nanocomposites [3]. Furthermore, the 
KIC values obtained support the assertion by Dittanet and Pearson that fracture 
toughness is independent of particle size for silica nanoparticle fillers ranging from 
20 nm – 200 nm. 
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 The measured fracture energy (GIC) of the silica-filled epoxy nanocomposites 
also followed an increasing logarithmic relationship with silica content. The GIC 
improved from 255 J/m2 for the unmodified epoxy to 1,658 J/m2 for the 10 vol% silica-
filled epoxy nanocomposite. The measured GIC values obtained agree with the estimated 
GIC values obtained by Liang and Pearson [1].  However, the measured GIC values 
obtained are higher than the estimated GIC values reported by Dittanet and Pearson [3]. 
In this study, as recommended by ASTM D5045 [11], GIC was measured directly from 
load versus displacement curves rather than estimated from measured KIC and Young’s 
modulus values.  
2.3.4 Fractography of Nanocomposites  
 
2.3.4.1 Evidence of Particle Debonding & Void Growth 
 
Previous experimental studies that have measured particle debonding on fracture 
surfaces have typically counted debonded particles at the regions near crack tips on 
fracture surfaces [e.g. 2-3]. The regions over which particle debonding was measured 
have not been reported. Furthermore, some criteria for determining which features on 
the fracture surface are representative of void growth have not been established. To 
provide a systematic approach for characterizing particle debonding ahead of crack tips, 
the following methodology is proposed.   
Figure 2 shows a specimen holder with an etched micron-marker which was 
developed to accurately examine the remnants of plastic deformation present near crack 
tips on fracture surfaces. The specimen holder is placed in a scanning electron 
microscope (SEM) for imaging. As outlined in Figure 3, the center of the penny-shaped 
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crack tip is aligned with the zero position of the micron marker. Each SEM image is 
collected from the center of the penny-shaped crack. The micron marker is used to track 
the image location relative to the crack tip. In addition, prior to imaging, the micron 
marker is used to calibrate the SEM stage controls. Starting at the crack tip, a series of 
SEM images are collected by moving the SEM stage, in increments of 5 µm, until a 
distance of 50 µm away from the crack tip. Then, the SEM stage was moved by an 
increment of 25 µm, until a distance of 100 µm away from the crack tip. Next, 400 µm, 
500 µm, and 1,000 µm increments were employed until a final image was taken at 2,000 
µm away from the crack tip. Each image consists of an approximately 10 µm X 5 µm 
area from which particle debonding measurements are collected.  
 
Figure 2. Optical image of a fractured sample on a SEM stub with an etched micron-
marker. 
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Figure 3. Schematic showing the process of examining a crack tip on a fracture surface 
while keeping track of the position and location where images are collected. 
 
Fracture surfaces reflect the remnants of plastic deformation that have occurred 
both before and after crack propagation. Particles may debond and void growth ahead 
of the crack tip prior to crack propagation, and particles may debond from the matrix as 
a crack front moves through the sample. Therefore, a simply ratio of debonded particles 
relative to the total number of particles in an SEM image may overestimate the 
percentage of particles contributing to a void growth toughening mechanism. Indeed, 
particle debonding with subsequent void growth and matrix shear banding are 
toughening mechanism that occur ahead of the crack tip prior to crack propagation. 
Once a critical load is surpassed, the crack front propagates rapidly. Fast fracture does 
not allow void growth and matrix shear banding to form ahead of the propagating crack; 
0 μm
5 μm
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15 μm
75 μm
Crack Tip
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consequently, void growth and matrix shear banding are confined to the regions just 
ahead of the crack tip.  
As the crack front propagates, it will interact with voids and nanoparticles. When 
the crack interacts with voids, it is anticipated that the voids would not alter the path of 
the crack front. However, it is conceivable that the shape of the void may be altered by 
the path of the crack. When the crack interacts with silica nanoparticles, these particles 
may debond from the matrix depending on the path that the crack takes to transverse the 
particles.  
When examining fracture surfaces ahead of crack tips, the following criteria are 
used to identify voids that are indicative of particle debonding with subsequent void 
growth:  
A) Voids that are symmetrical and larger than the filler particle size are counted.  
B) Irregularly shaped voids due to microcracks deflecting out-of-plane with the 
fracture surface are not counted.  
C) Irregularly shaped voids due to microcracks deflecting in-plane with the 
fracture surface are not counted.  
Figure 4 highlights the application of these criteria to an SEM image taken ahead 
of the crack tip in the 1 vol% silica-filled epoxy nanocomposite. Examples of voids 
labeled ‘A’ correspond to the first criteria and showcase voids that are contributing to 
toughening via a void growth mechanism. These voids are self-symmetrical and larger 
than the filler particle size. The final shape of the voids may be influenced by crack-
void interactions.  
 60 
Labels B and C in Figure 4 correspond to the last three criteria, respectively, and 
represent voids that are not contributing to toughening via a void growth mechanism. 
Examples of voids labeled ‘B’ and ‘C’ are anticipated to be the result of microcracking. 
These examples suggest crack bifurcation around filler particles. In the top right corner 
of Figure 4, two analogous examples of crack-filler interactions signify that the crack 
may bifurcate around a filler particle nearly perpendicular to the crack direction (out-
of-plane) or may debond the filler particle and move in-plane with the crack direction.  
Many researchers have reported that a void growth toughening mechanism 
yields void diameters that are approximately 45% larger than the filler particle size [1, 
3, 7]. Therefore, with regard to the voids labeled ‘B’ in Figure 4, the void diameters are 
significantly larger than the filler particle size and are not anticipated to be associated 
with a void growth toughening mechanism. These features may represent the debonding 
of small clusters of silica nanoparticles (2-3 nanoparticles) as a result of crack-filler 
interactions. The influence of voids labeled ‘B’ and ‘C’ to the toughenablity of silica-
filled epoxy nanocomposites is explored in Section 2.3.4.3.  
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Figure 4. SEM imaging of the area approximately 5 µm ahead of the crack tip on the 
fracture surface of the 1 vol% silica-filled epoxy nanocomposite. The labels correspond 
to: A) voids that contribute to a void growth toughening mechanism, B) irregular voids 
that are the result of microcracks deflecting out-of-plane with the fracture surface and 
C) irregular voids that are the result of microcracks deflecting in-plane with the fracture 
surface.  
 
Based on the criteria established, the following equation is used to determine the 
fraction of particles from each SEM image that are indicative of a void growth 
toughening mechanism:  𝑓 = 	 𝑛𝑛 	+	𝑛 																																																											(5) 
where 𝑛 is the number of voids that meet the criteria for void growth and 𝑛 is the 
number of well-bonded filler particles present in each SEM image. Figures 5-7 show 
SEM images taken as a function of distance away from the crack tip for the 1 vol%, 5 
vol% and 10 vol% silica-filled epoxy nanocomposites, respectively. 
The fracture surfaces of each nanocomposite appear to be rougher in the areas 
closer to the crack tip than the areas further away. The rougher areas seem to correspond 
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to the presence of toughening mechanisms which are initiated and localized within the 
first 100 µm ahead of the crack tip. At distances greater than 500 µm away from the 
crack tip fast fracture dominates and consequently the surfaces appear smoother which 
may suggest reduced crack-filler interaction. The SEM images in Figures 5-7, suggest 
that the transition from a rougher to a smoother surface scales with filler content. The 
transition is observed sooner at lower filler content - after 75 µm away from the crack 
tip for the 1 vol% silica-filled epoxy nanocomposite, as compared to after 100 µm and 
500 µm  away from the crack tip for the 5 vol% and 10 vol% silica-filled epoxy 
nanocomposites, respectively. The shift in the surface roughness transition may imply 
that toughening mechanisms in highly-filled systems are active over larger areas ahead 
of the crack tip.  
Previous studies on the fracture behavior of silica-filled epoxy nanocomposites 
have suggested that the amount of particle debonding is independent of filler content [2-
3]. However, the SEM images in Figures 5-7 reveal that particle debonding, whether 
associated with a void growth toughening mechanism or crack-filler interactions, 
increases as a function of filler content. This trend is further discussed in Section 2.3.4.3. 
 The SEM images from Figures 5-7 were examined using the criteria outlined 
above to determine the fraction of particles that are associated with a void growth 
toughening mechanism (𝑓).  Figures 8-10 compare the individual 𝑓 measurements 
from each SEM image to an average 𝑓 at any given interval ahead of the crack tip for 
the 1 vol%, 5 vol% and 10 vol% silica-filled epoxy nanocomposites, respectively.  
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Figure 5. SEM images of the area ahead of the crack tip on the fracture surface of the 
1 vol% silica-filled epoxy nanocomposite. The crack direction is north to south on each 
image. At the top left of each SEM image, the location of the image relative to the crack 
tip is shown. 
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Figure 6. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% silica-filled epoxy nanocomposite. The crack direction is north to south on each 
image. At the top left of each SEM image, the location of the image relative to the crack 
tip is shown.	
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Figure 7. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% silica-filled epoxy nanocomposite. The crack direction is north to south on each 
image. At the top left of each SEM image, the location of that image relative to the crack 
tip is shown.  
 
 Figures 8-10 underscore the discrepancies that may arise from utilizing 
individual measurements of 𝑓 or particle debonding (in the context of how it has been 
defined in previous studies [e.g. 2-4]), for modeling the toughening contribution of void 
growth to overall fracture energy. As shown in Figure 8, the individual measurements 
of 𝑓 range between 4-17% within the first 50 µm ahead of the crack tip on the fracture 
surface of the 1 vol% silica-filled epoxy nanocomposite. Furthermore, there is 
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significant scatter between individual measurements of 𝑓 from adjacent regions ahead 
of the crack tip. Similar scatter is also present in Figure 9 and Figure 10 on the fracture 
surface of the 5 vol% and 10 vol% silica-filled epoxy nanocomposite, respectively. 
Interestingly, 𝑓 scales inversely with filler content. The individual measurements of 𝑓	in the 1 vol% silica-filled epoxy nanocomposite are greater than those found on the 
fracture surfaces of the 5 vol% and 10 vol% silica-filled epoxy nanocomposite, 
respectively. The maximum individual measurement of 𝑓	was 16.7% in the 1 vol% 
silica-filled epoxy nanocomposite as compared to 8.9% and 6% for the 5 vol% and 10 
vol% silica-filled epoxy nanocomposites, respectively. However, 𝑓 also reached a 
minimum of 0% far closer to the crack tip in the lowest-filled system. The consolidation 
of 𝑓 to regions just ahead of the crack tip in the lowest-filled system further supports 
the observed shift in surface roughness (being rougher closer to the crack tip at lower 
filler contents) as revealed from the SEM images in Figures 5-7.  
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Figure 8. Change in the percentage of particles contributing to toughening via void 
growth as a function of distance ahead of the crack tip on the fracture surface of the 
1 vol% silica-filled epoxy nanocomposite. The inset graph highlights the data for the 
first 150 µm ahead of the crack tip. 
 
Figure 9. Change in the percentage of particles contributing to toughening via void 
growth as a function of distance ahead of the crack tip on the fracture surface of the 
5 vol% silica-filled epoxy nanocomposite. The inset graph highlights the data for the 
first 150 µm ahead of the crack tip. 
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Figure 10. Change in the percentage of particles contributing to toughening via void 
growth as a function of distance ahead of the crack tip on the fracture surface of the 10 
vol% silica-filled epoxy nanocomposite. The inset graph highlights the data for the first 
150 µm ahead of the crack tip. 
 
An average of the individual measurements of 𝑓	would provide a better 
assessment of the changes in 𝑓 ahead of the crack tip. Figure 11 compares the average 𝑓 ahead of the crack tip for each nanocomposite. Regardless of filler content, the 
maximum in 𝑓 does not occur at the crack tip (i.e. within the first 5 microns). Instead, 𝑓 reaches a maximum within the first 50 µm ahead of the crack tip for each 
nanocomposite. The average 𝑓 scales inversely with filler content. The rise in 𝑓 
toward a maximum of approximately 10% (40 µm ahead of the crack tip) is more 
pronounced in the lowest-filled system. In the 5 vol% silica-filled epoxy 
nanocomposite, the average 𝑓 approaches nearly 6% (30 µm ahead of the crack tip) 
while the average 𝑓 reaches only 4% (30 µm ahead of the crack tip) in the 10 vol% 
silica-filled epoxy nanocomposite. Once the maximum is reached in the average 𝑓, the 
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highly-filled systems show a gradual decline in 𝑓 as a function of distance away from 
the crack tip as compared to the lowest-filled system. The extension of 𝑓 to regions 
further away from the crack tip with increasing filler content further supports the 
observed shift in surface roughness (being rougher farther away from the crack tip at 
higher filler contents) as revealed from the SEM images in Figures 5-7.  
 The values of 𝑓 are lower than the particle debonding measurements obtained 
in previous studies [2-4]. The lower values may be attributed to the established criteria 
used in this study to distinguish between particle debonding which contributes to void 
growth and particle debonding which arises from crack-filler interactions. In addition, 
contrary to previous studies [2-4], the data suggests an inverse relationship between 𝑓 
and filler content. Bray et al. used a finite-element model to characterize particle 
debonding in an idealized array of near-neighbor silica nanoparticles in an epoxy matrix 
[4]. Their results showed that for an idealized distribution of silica nanoparticles, 
debonding of one nanoparticle will shield the six nearest neighbor nanoparticles from 
debonding. An examination of the TEM images in Figure 1 reveals that although the 
nanoparticles in this study are non-agglomerated and randomly distributed, interparticle 
distances vary greatly with filler content. As expected, it is observed that interparticle 
distances are largest at lower filler contents. Therefore, it is conceivable that the 
debonding of one nanoparticle in the lowest-filled system is less effective at shielding 
nearest neighbor nanoparticles, which are farther away, than in the highly-filled 
systems. Consequently, higher values of 𝑓 are observed in the lowest-filled system. 
As the filler content is increased, interparticle distances are reduced and there may be 
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more nearest neighbor nanoparticles which are shielded from debonding. Thus, lower 
average values of 𝑓 are observed in the highly-filled system. 
 
Figure 11. Comparison of the change in the running average percentage of particles 
contributing to toughening via void growth as a function of distance ahead of the crack 
tip on the fracture surfaces of the 1 vol%, 5 vol% and, 10 vol% silica-filled epoxy 
nanocomposites. The inset graph highlights the data for the first 150 µm ahead of the 
crack tip. 
 
 The diameters of voids which met the established criteria for 𝑓 were measured 
from the SEM images in Figures 5-7. The average void diameter is 145 nm +/- 13 nm 
based on ten measurements from each nanocomposite. The void diameter measurements 
were independent of filler content. On average, void growth was approximately 46% 
larger than the filler particle size, which agrees with the void growth measurements 
obtained in previous studies of silica-filled epoxy nanocomposites [1, 3, 7].  
  
 71 
2.3.4.2 Evidence of Matrix Shear Banding 
 
 Figure 12 shows TOM images under bright field and cross-polarized light for 
the cured neat epoxy and the 1 vol%, 5 vol% and 10 vol% silica-filled epoxy 
nanocomposites. Each image in Figure 12 shows the cross section of the sample. The 
fracture surface is designated by the line in the middle of each image. The sample 
subsurface is shown in the lower-half of each image. Subsurface damage was found in 
the areas just ahead of the crack tip. The dark bands in the bright field TOM images 
(Figure 12 C, E, and G) have been attributed to dilation bands [1, 3], microcracks [20, 
21], and microshear bands [22, 23]. The interpretation of these dark bands in this study 
is discussed in Section 2.3.4.3.  
The bright birefringent regions in the cross-polarized TOM images (Figure 12 
B, D, F, and H) have been attributed to matrix shear banding by many researchers [e.g. 
1-3]. When a load is applied to a matrix that is filled with rigid particles, stress 
concentrations arise due to the modulus mismatch between the two phases [24]. Near 
the crack tip, triaxial tensile stresses promote particle-matrix debonding. The debonding 
process absorbs little energy compared to the plastic deformation of the matrix. 
However, debonding is essential because it reduces the triaxial constraint at the crack 
tip and allows the matrix to deform plastically via a void growth mechanism [7]. Matrix 
void growth alleviates the degree of triaxial stress within the matrix. Additionally, the 
change in stress state near the crack tip facilitates matrix shear yielding and the local 
interaction of stress fields gives rise to shear bands. Shear bands form at ~45° to the 
applied stress and their growth is driven by the incremental reduction in stress in the 
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matrix. As shown in the cross-polarized TOM images (Figure 12 B, D, F, and H), the 
size of the plastic zone, which encompasses the shear bands, increases with increasing 
filler content. The size of the plastic zone is measured as a function of depth into the 
sample from the fracture surface. The increase in the size of the plastic zone with 
increasing filler content corresponds to the increase in fracture toughness with 
increasing filler content.  
The measured depth of the plastic zone can be compared to the radius of the 
plastic zone predicted by Irwin’s model [25]. Assuming linear elastic fracture mechanics 
(LEFM) and under plane-strain conditions, the predicted radius of the plastic zone is 
defined as follows: 
𝑟A = 	 16𝜋 𝐾GT𝜎N 4 																																																												(6) 
where 𝑟A is the radius of the plastic zone, 𝐾GT  is the plane-strain fracture toughness, and 𝜎N is the yield stress in tension which was obtained by taking 0.7 times the measured 
compressive yield stress as outlined in ASTM D5045 [11]. Figure 13A shows a 
comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone by Irwin’s Model. The measured values were found to be slightly smaller 
than the predicted values. However, the linear fit of the data in Figure 13A, with a slope 
of approximately 0.86, agrees with the linear fit reported by Dittanet and Pearson for 
the silica-filled epoxy nanocomposites containing 23-170 nm particles, with slopes 
ranging from .76 to .89 [3]. In Figure 13B, the measured depth of the plastic zone is 
plotted against the (KIC/σy)2 component of Equation 6. A linear fit of the data in Figure 
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13B yields a slope of 0.046 which is slightly lower than the predicted slope form Irwin’s 
model which is 1/6π or 0.053. The calculated slope of 0.046 for the silica-filled epoxy 
nanocomposites containing 100 nm particles agrees with the slope of 0.045 reported by 
Liang and Pearson for 80 nm silica particles [1] and the slope of 0.047 reported Dittanet 
and Pearson for 170 nm silica particles [3].  
 While the Irwin model provides a good approximation for the size of the plastic 
zone, in terms of depth, the model does not reflect the elliptical shape of the plastic 
zones observed in the cross-polarized images (Figure 12D, F, and H). The Irwin model 
predicts a circular plastic zone. In this study, the length of the plastic zones, in the 
direction parallel to the fracture surface, expands with increasing filler content. This 
trend corresponds to the measured extension of 𝑓 to regions further away from the 
crack tip with increasing filler content (Figure 11). The presence of particle debonding 
and subsequent void growth in regions further away from the crack tip in the highly-
filled systems may support the formation of shear bands in those same regions. 
Consequently, the length of the plastic zone, in the direction parallel to the fracture 
surface, would increase.  
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Figure 12. TOM images under bright field (left side) and cross-polarized light (right 
side) of the subsurface damage ahead of the crack tip on the fracture surface of each 
system: cured neat epoxy (A & B), 1 vol% silica-filled epoxy nanocomposite (C & D), 
5 vol% silica-filled epoxy nanocomposite (E & F) and 10 vol% silica-filled epoxy 
nanocomposite (G & H). The crack direction is left to right for each image. 
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Figure 13. Plastic zone analysis for the silica-filled epoxy nanocomposites: A) 
Comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone based on Irwin’s Model and B) Plot of the measured depth of the plastic 
zone versus ((KIC/σy)2. The dashed lines in both plots are the linear fit of the data. 
 
2.3.4.3 Evidence of Microcracking 
 
 The measured values of particles contributing to toughening via a void growth 
mechanism (𝑓) are lower than those previously reported in literature [2-4]. Average 𝑓 is reduced because voids associated with microcracking are excluded. As shown in 
Figure 4, the voids labeled with ‘B’ and ‘C’ represent voids which strongly suggest 
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crack-filler interactions. The voids labeled ‘B’ suggest crack movements perpendicular 
to the fracture surface in order to transverse filler particles. The irregular voids labeled 
‘C’ suggest bifurcation of cracks along the fracture surface. Upon examination of the 
SEM images in Figures 5-7, it can be seen that these features are localized to the regions 
just ahead of the crack tip as opposed to regions of fast fracture. In Figure 14, crack-
filler interactions are highlighted on SEM images collected from the first 5 µm ahead of 
the crack tip on the fracture surfaces of each silica-filled epoxy nanocomposite. The 
highlighted regions show examples of crack bifurcation when a crack interacts with a 
silica nanoparticle. Therefore, it is proposed that subcritical crack growth by the 
formation of microcracks is a shielding mechanism which contributes to the 
toughenablity of silica-filled epoxy nanocomposites.  
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Figure 14. SEM images of the first 5 µm ahead of the crack tip on the fracture surface 
of each silica-filled epoxy nanocomposite: A) 1 vol%, B) 5 vol% and C) 10 vol%. Some 
examples of crack-filler interaction are highlighted. 
 
The dark bands in the bright field TOM images have been attributed to either 
micro-shear bands [22, 23], microcracks [20, 21] or dilation bands [1, 3]. Lee and Yee 
described the forking of the crack tip under bright field TOM imaging as evidence of 
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microshear bands in micron-scale glass bead-filled epoxies [22, 23]. Kawaguchi and 
Pearson attributed the dark bands near crack tips to microcracks because shear bands 
should not be visible under bright field imaging [20, 21]. Liang and Pearson concluded 
that the dark bands ahead of the crack tip in 80 nm silica-filled epoxy nanocomposites 
are dilatational bands representing both shear yielding and volume dilation normal to 
the shear plane [1]. Dittanet and Pearson interpreted the dark bands in their silica-filled 
epoxy nanocomposites as dilation bands caused by stress concentrations around silica 
nanoparticles [3].  The shift away from attributing these dark bands in silica-filled epoxy 
nanocomposites to microcracks stems from comparisons of the crack-opening 
displacement to the filler particle size. Johnsen et al. estimated the crack-opening 
displacement of 20 nm silica-filled epoxy nanocomposites by taking a ratio of the 
measured fracture energy to the measured yield stress [7]. The estimated crack opening-
displacement was found to increase with filler content and ranged from 1.7 µm for the 
cured neat epoxy, to 7.5 µm for the 13.4 vol%-filled system. Since the estimated crack 
opening-displacement was found to be much larger than the size of the nanoparticles, it 
was assumed that there would not be sufficient interaction between the main crack front 
and the filler particles. However, Kim et al. have measured the pre-crack radius to be 
on the order of a few hundred nanometers in both carbon black and nanoclay-filled 
epoxy nanocomposites [26]. A razor blade tapping procedure analogous to the method 
used by Kim et al. was used in this study. Therefore, microcracking in nanoparticle-
filled epoxy composites is plausible. 
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Based on the bright field TOM images (Figure 12 C, E, and G) and the SEM 
images (Figures 5-7), the dark bands observed in this study are interpreted as evidence 
of subcritical crack growth by the formation of microcracks. Microcracking is not 
observed in the cured neat epoxy (Figure 12 A) which is expected because there are no 
filler particles present to interact with the crack front. Interestingly, a comparison of the 
bright field and cross-polarized TOM images for each of the silica-filled epoxy 
nanocomposites reveals that the microcracks extend much deeper into the sample as 
compared to the bright birefringent regions. Furthermore, the microcracks are just 
barely visible in the cross-polarized TOM images (Figure 12D, F, and H) as compared 
to the bright birefringent regions which are synonymous with plastic deformation. The 
weak visibility of the microcracks may be indicative of edge effects at the microcrack 
surfaces.  
To further explore the differences between the dark bands and the bright 
birefringent regions, an annealing experiment was conducted on the TOM specimens 
for each silica-filled epoxy nanocomposite. The TOM specimens were annealed for 1 
hour at 100 °C. The time above the glass transition temperature of the silica-filled epoxy 
nanocomposites was suitable for recovering any plastic deformation in the matrix. 
Therefore, the bright birefringent regions should no longer be present when the TOM 
specimens are observed under cross-polarized light. If the dark bands also disappear 
then they would not be attributed to microcracking. The TOM specimens were allowed 
to cool to room temperature and then re-imaged. Figure 15 shows the bright field and 
cross-polarized TOM images of the silica-filled epoxy nanocomposites after annealing.  
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Lee and Yee used a similar approach of annealing thin-sections up to the glass 
transition temperature of the epoxy matrix and noted that the dark bands disappeared 
[22]. They postulated that crack healing in thermosets is unlikely to occur at such 
temperatures. Indeed, Outwater and Gerry demonstrated that complete crack healing in 
epoxies would only occur above their cure temperatures [27]. Wool found that complete 
crack healing, in epoxies and other types of polymers, is both time and temperature 
dependent and involves the closure of the crack front and then interdiffusion at the 
closed interface [28]. The driving force for crack closure prior to healing was attributed 
to the stored strain energy in the bulk material surrounding the crack. Therefore, 
sufficient time above the glass transition temperature may allow for strain energy relief 
and associated crack closure.  
The TOM images in Figure 15 emphasize the difficulty in examining samples 
under optical imaging after conducting an annealing treatment. Only after carefully 
adjusting the optical focus during imaging was it observed that the dark bands are still 
present in the bright field TOM images (Figure 15A, C, and E). The arrows in each 
bright field images highlight the dark bands which remained after annealing the TOM 
specimens. Kim et al. showed that annealing pre-cracks above the glass transition 
temperature of the nanocomposite can lead to the closure of the pre-crack [26]. 
Furthermore, in Appendix A, the fracture toughness of the cured unmodified epoxy was 
compared before and after annealing of the three-point bend testing samples. Although 
the average fracture toughness results were within error of one another, the specimens 
that were annealed displayed a sub-critical load drop before sustaining additional 
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loading. The load drop is attributed to the re-opening of the pre-crack. Therefore, the 
reduction in the dark bands after annealing may be explained by the closure of the 
microcrack surfaces. As the microcrack surfaces close and the gap between surfaces 
reaches the nanoscale, it becomes increasing more difficult to observe these features via 
optical microscopy.  
Interestingly, the cross-polarized TOM images (Figure 15B, D, and F) reveal 
that the subsurface plastic deformation, as signified by bright birefringent regions in the 
samples before annealing, was completely recovered after annealing. Some 
birefringence still remains at the fracture surfaces but this may be due to edge effects at 
the interface between the sample and the mount. It is conceivable that if the dark bands 
were caused by matrix yielding or stress concentrations around silica nanoparticles then 
the dark bands would have completely recovered as well. The presence of the dark bands 
after annealing further supports the interpretation of these features as the result of 
microcrack formation ahead of the crack tip.  
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Figure 15. TOM images under bright field (left side) and cross-polarized light (right 
side) of the subsurface damage ahead of the crack tip on the fracture surface of each 
system after annealing: 1 vol% silica-filled epoxy nanocomposite (A & B), 5 vol% 
silica-filled epoxy nanocomposite (C & D) and 10 vol% silica-filled epoxy 
nanocomposite (E & F). The crack direction is left to right for each image. The arrows 
depict the presence of microcracks. 
 
As evident from the bright field images of the silica-filled epoxy 
nanocomposites (Figure 12 C, E, and G), the dark bands associated with microcracking 
grow larger with filler content. Earlier in Section 2.3.4.1, based on the SEM images in 
Figures 5-7, it was suggested that particle debonding, whether associated with a void 
growth toughening mechanism or crack-filler interactions, increases as a function of 
filler content. Figure 11 quantitatively depicts that the fraction of particles contributing 
to void growth (𝑓) decreases as a function of filler content. Therefore, the remaining 
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particle debonding on the fracture surfaces may be features associated with 
microcracking. As the filler content increases, there are more filler particles present 
which a subcritical crack must interact with as it attempts to move through the sample. 
The SEM images in Figures 5-7 suggest increased crack-filler interactions with 
increasing filler content as do the TOM images in Figure 12.  Therefore, it is anticipated 
that the observed microcracking significantly contributes to the fracture toughness of 
silica-filled epoxy nanocomposites.  
2.3.5 Contribution of Toughening Mechanisms 
 
 Attempts at modeling the contribution of toughening mechanisms to the overall 
fracture energy in silica-filled epoxy nanocomposites take their roots from early efforts 
by Evans et al. [5] and Huang and Kinloch [6] on rubber-toughened polymers. Huang 
and Kinloch proposed that the fracture energy of particle-filled epoxies may be 
represented as:  𝐺GD = 	𝐺GD + 	Ψ																																																																			(7) 
 
where the fracture energy of the filled epoxy, 𝐺GD, is equivalent to the sum of the fracture 
energy of the unmodified epoxy (i.e. the matrix), 𝐺GD, and the toughening contributions, Ψ, that arise due to particle loading.  
 Previous studies on the fracture behavior of silica-filled epoxy nanocomposites 
have only accounted for two toughening mechanisms: particle debonding with 
subsequent void growth and matrix shear banding. However, in this study, we have 
found evidence for three toughening mechanisms: debonding with subsequent void 
growth, matrix shearbanding and matrix microcracking. Therefore, the total toughening 
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contributions, Ψ, is expressed as: Ψ =	Δ𝐺 + Δ𝐺; 	+ Δ𝐺gD																																																				(8) 
 
Where Δ𝐺, Δ𝐺; and, Δ𝐺gD are the energy contributions from particle debonding with 
subsequent void growth, matrix shear banding and microcracking, respectively. The 
expressions for Δ𝐺 and Δ𝐺; are based on the Huang and Kinloch model. The expression 
for Δ𝐺gD is based on the microcracking model developed by Gao and Wang [30].   
In the Huang and Kinloch model, the energy contribution from particle 
debonding with subsequent void growth is expressed as: 
Δ𝐺 = 1 − 𝜇g43 𝑉? − 𝑉?~ 𝐾g4𝜎ND𝑟N																																							(9) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
this epoxy, 𝑉? is the volume fraction of voids, 𝑉?~ is the volume fraction of particles, 𝐾g is the maximum stress concentration factor of the von Mises stress in the epoxy 
matrix, 𝜎ND is the compressive yield stress, and 𝑟N is the radius of the plastic zone. The 
values of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 2.22, 
respectively [6, 30]. The measured values of 𝜎ND and 𝑟N for each system were measured 
in this study (see Sections 2.3.3 and 2.3.4.2). Finally, the 𝑉? − 𝑉?~  parameter was 
obtained using the relation developed by Liang and Pearson [1]: 
𝑉? − 𝑉?~ = 	 𝑣𝑣 +	𝑣g − 𝑣A𝑣A +	𝑣g 																																								(10) 
where 𝑣 is the volume of voids, 𝑣A is the volume of particles, 𝑣g is the volume of the 
matrix. The volume of voids was calculated using the average void diameter obtained 
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from the SEM images in Figure 5-7. The volume of particles was calculated from the 
average particle size obtained from TEM images in Figure 1. The volume of matrix was 
based the thermogravimetric analysis obtained in Section 2.3.1.  
 In the Huang and Kinloch model, the energy contribution from matrix shear 
banding is expressed as: 
Δ𝐺; = 	0.5 1 + 𝜇g3 4 4𝜋3𝑉? @/` − 5435 𝐾g4	𝑉?	𝜎ND𝛾?𝑟N																		(11) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
epoxy, 𝑉? is the volume fraction of particles, 𝐾g is the maximum stress concentration 
factor of the von Mises stress in the epoxy matrix, 𝜎ND is the compressive yield stress,  𝛾? is the shear fracture strain of the epoxy matrix and 𝑟N is the radius of the plastic zone. 
Again, the values of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 
2.22, respectively [6, 30]. The volume fraction of particles was measured by 
thermogravimetric analysis obtained in Section 2.3.1. The measured values of 𝜎ND and 𝑟N for each system were measured in this study (see Sections 2.3.3 and 2.3.4.2). The 
value for 𝛾? was found previously to be 0.71 for epoxy [30]. Table 4 summarizes the 
parameters of the cured neat epoxy used for modeling. Table 5 summarizes the 
parameters of the silica-filled epoxy nanocomposites used for modeling. 
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Table 4. Summary of the parameters of the cured neat epoxy used for fracture energy 
modeling. 
Parameter Symbol Value Reference 
Pressure dependence of the von Mises 
yield criterion for epoxy 
𝜇g 0.2 [6] 
Maximum stress concentration factor of 
the von Mises stress in the epoxy matrix 
𝐾g 2.22 [6] 
Compressive yield stress of the epoxy 
matrix 
𝜎ND 94.3 MPa Measured 
Radius of the plastic zone of the epoxy 
matrix 
𝑟N 7.7 µm Measured  
Shear strain at fracture of the epoxy matrix 𝛾? 0.71 [30] 
 
 
Table 5. Summary of the parameters of the silica-filled epoxy nanocomposites used for 
fracture energy modeling. 
Parameter Symbol Value(s) Reference 
Volume Fraction of silica nanoparticles 𝑉? Range Measured 
Compressive yield stress of the silica-filled 
epoxy nanocomposites 
𝜎ND Range Measured 
Depth of the plastic zone of the silica-filled 
epoxy nanocomposites 
𝑟N Range Measured  
Average Particle Diameter   99 nm Measured 
Average Void Diameter  145 nm Measured 
 
 In the Gao and Wang model [29], the energy contribution from microcracking is 
expressed as: 
Δ𝐺gD = 	2𝛾0 11 − 	𝜋2 𝜌(3 − 𝜋𝜌) × 2 cos 𝛽2
log 2log cos 𝛽2 −1 − 𝑝𝑎 𝜌1 − 	𝜌𝜋2 1 2 		(12) 
where 𝛾0 is the fracture energy of the unmodified epoxy, 𝜌 is the dimensionless density 
of microcracks, 𝛽 is the angle of branching (i.e. bifurcating) and 𝑝 𝑎 is the ratio of the 
width of the plastic zone to the length of the microcracks. The fracture energy of the 
unmodified epoxy (𝛾0) was measured in Section 2.3.3. It is difficult to estimate the 
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angle of branching from the SEM images in Figures 5-7. Therefore, 𝛽 was approximated 
to be 90°, implying that the secondary cracks produced by crack-filler interactions form 
45° angles with the filler particles. Gao and Wang found that generally the angle of 
branching is 90° or smaller [29]. The ratio of the width of the plastic zone to the length 
of the microcracks is obtained by measuring the depth of the plastic zone from the cross-
polarized TOM images to the depth of the microcracks in the bright field TOM images, 
from Figure 12. The density of microcracks (𝜌) is the main variable parameter in the 
Gao and Wang model. Tables 6 and 7 show the parameters used for modeling the 
contribution of microcracking to overall fracture energy for each silica-filled epoxy 
nanocomposite. 
Table 6. Summary of the microcracking input parameters used for fracture energy 
modeling. 
Microcracking Parameters Symbol Value(s) Reference 
Fracture Energy of unmodified epoxy 𝛾0 255 J/m2 Measured 
Angle of Branching 𝛽 90° [29] 
Ratio of the depth of the plastic zone to the 
length of the microcracks 
𝑝𝑎 Range Measured 
Microcrack Density 𝜌 Range Calculated  
 
 
Table 7. Summary of the final microcracking parameters established during fracture 
energy modeling. 
Nominal Filler Content 
(vol%) 
𝑝𝑎 Microcrack Density (𝜌) 
1 0.8 .364 
5 0.63 .416 
10 0.6 .413 
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 In Figure 16, the experimental fracture energy data for the 100 nm silica-filled 
epoxy nanocomposite is compared with the anticipated fracture energy based on 
analytical models from Huang & Kinloch [6], Bray et al. [4] and a proposed modified 
Huang & Kinloch model developed in this study. Table 8 summarizes the contribution 
of each individual toughening mechanism present in each analytical model.  
 When applied to silica-filled epoxy nanocomposites, the Huang & Kinloch model 
assumes 100% particle debonding and therefore fracture energy is modeled as:  𝐺GD = 	𝐺GD +	Δ𝐺 + Δ𝐺;																																																									(13) 
As shown in Figure 16, the Huang & Kinloch approach initially underestimates fracture 
energy at lower filler contents but subsequently overestimates fracture energy at higher 
filler contents. From Table 8, the large increase in 𝐺GD attributed to the Huang & Kinloch 
model arise from the exponential increase in the contribution of Δ𝐺 as a function of 
filler content. On the other hand, the contribution of Δ𝐺; increases fairly linearly with 
increasing filler content. However, as noted in the SEM images in Figures 5-7, not every 
particle is debonding in the regions ahead of the crack tip. Therefore, various researchers 
have suggested that the contribution of Δ𝐺 should be scaled to the amount of particle 
debonding observed ahead of the crack tip [2-4]. Bray et al. have developed the most 
recent modification to the Huang & Kinloch model with fracture energy modeled as [4]:  𝐺GD = 	𝐺GD +	 .143Δ𝐺 + Δ𝐺;																																																					(14) 
The Bray et al. model underestimates fracture energy at all filler contents when 
compared to the experimental results obtained in this study (Figure 16). The modeled 
fracture energy begins to approach the measured fracture energy near 10 vol% of filler. 
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Indeed, Bray et al. showed that their model produced better agreement with 
experimental data within filler contents ranging from 10 vol% to 20 vol% [4]. Above 
20 vol%, fracture energy was overestimated. In Table 8, while the contribution of Δ𝐺 
is scaled with the proposed 14.3% particle debonding by Bray et al., Δ𝐺 is still 
increasing exponentially with filler content. In contrast, the experimental fracture 
energy seems to increase logarithmically. Subsequently, given that only two toughening 
mechanism are present, an interpretation of their model may be that it suggests that 
particle debonding may change with filler content for better agreement between 
anticipated and experimentally obtained fracture energy results.  
 
Figure 16. Experimental fracture energy data for the 100 nm silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [6], Bray 
et al. [4] and the proposed modified Huang & Kinloch model developed in this study. 
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Table 8. Summary of the individual contribution from each toughening mechanism 
established with analytical models from Huang & Kinloch [6], Bray et al. [4] and the 
proposed model developed in this study. 
Silica 
Content 
(vol%) 
Huang & 
Kinloch 
(J/m2) 
Bray et al. 
(J/m2) 
This Work 
 (J/m2) 
 ∆GV ∆GS .143∆GV ∆GS fVG∆GV ∆GS (1- fVG )∆GMC 
1 107 147 15 147 11 147 202 
5 864 604 124 604 30 604 496 
10 1871  1026 268 1026 49 1026 338 
 
 In the current study, it is observed that particle debonding not only changes as a 
function of filler content but also as a function of distance ahead of the crack tip. 
Furthermore, in Section 2.3.4.3, evidence for microcracking ahead of the crack tip was 
presented. Therefore, the model is proposed:  𝐺GD = 	𝐺GD +	𝑓Δ𝐺 + Δ𝐺; + 1 − 𝑓 Δ𝐺gD																															(15) 
In the proposed model, the contribution of Δ𝐺 is scaled with the fraction of particles 
contributing to void growth (𝑓). Figure 17 shows a simplified schematic 
representation of the three toughening mechanisms observed ahead of crack tips in the 
silica-filled epoxy nanocomposites investigated in this study. In Section 2.3.4.1, the 
discrepancies caused by using individual measurements of particle debonding was 
discussed. Therefore, an average value of 𝑓 ahead of the crack tip is determined for 
each silica-filled epoxy nanocomposite. As shown in Table 9, 𝑓 decreases with 
increasing filler content. The average values were obtained over the area starting at the 
crack tip and extending to the distance ahead of the crack tip which corresponds to the 
location from which the depth of the plastic zone was measured. In this manner, the 
observed elliptical shape of the plastic zone ahead of the crack tip is taken into account. 
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Furthermore, it is assumed that all particles which are not contributing to void growth 
are eligible for crack-filler interactions. Consequently, the addition toughening 
contribution from microcracking, Δ𝐺gD, is scaled with 1 − 𝑓 .  
 
Figure 17. Simplified schematic representation of particle debonding with subsequent 
void growth, matrix shear banding and microcracking ahead of crack tips in silica-filled 
epoxy nanocomposites. The radius of the plastic zone (𝑟A) is taken as a function of depth 
into the sample. 
 
Table 9. Running average of 𝑓 ahead of the crack tip for each silica-filled epoxy 
nanocomposite and the distance from the crack tip for each calculation. 
Nominal Filler Content 
(vol%) 
𝑓 Distance from the Crack 
Tip (µm) 
1 10.3% 50 
5 3.5% 70 
10 2.6% 80 
 
 As shown in Figure 16, the proposed model allows for better agreement between 
experimental and modeled fracture energy results. The contributions of Δ𝐺 and Δ𝐺gD 
play a major role in the improved agreement between the experimental and modeled 
fracture energy results. First, the average 𝑓 was found to decrease with filler content. 
Therefore, the contribution of Δ𝐺, which increases exponentially, is scaled with 
decreasing values of 𝑓. Consequently, as shown in Table 8, the increasing contribution 
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of Δ𝐺 with filler content is not as drastic as with the Huang & Kinloch and Bray et al. 
models. Secondly, as shown in Table 7, the density of microcracks initially increases 
with filler content and then nearly plateaus. On the other hand, the parameter 𝑝 𝑎 
initially decreases with filler content and then also begins to plateau. Gao and Wang 
asserted that the increase in fracture energy from microcracking is expected only from 
microcracking taking place in the plastic zone ahead of the crack tip [29]. The decrease 
in the parameter 𝑝 𝑎 with increasing filler content implies that while the microcrack 
density is increasing with filler content, the effectiveness of microcracks at higher filler 
contents to contribute to toughenablity is decreasing. Due to the inverse relationship 
between the parameter 𝑝 𝑎 and microcrack density, the contribution of Δ𝐺gD decreases 
with increasing filler content. Further application of the proposed model is needed to 
verify the trends observed in this study. In Chapter 3 and 4, the proposed model is 
applied to a total of seven different types of silica-filled epoxy nanocomposites. 
2.4 Conclusion 
 
 The fracture behavior of a silica-filled epoxy nanocomposite containing up to 10 
vol% of 100 nm silica particles was investigated. TEM images revealed that the silica 
nanoparticles are randomly dispersed in the epoxy matrix with minimal particle 
agglomeration. The mechanical and thermal properties of the cured unmodified epoxy 
and 1 vol%, 5 vol%, and 10 vol% silica-filled epoxy nanocomposites were found to be 
in agreement with results previously reported in literature. Compressive yield stress was 
found to be independent of filler content. Fracture toughness and fracture energy 
increased with filler content.  
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SEM imaging was used to accurately depict particle debonding as a function of 
distance away from a crack tip. Particle debonding was found to be dependent on filler 
content. Furthermore, criteria were established to distinguish between particles which 
may debond and void growth ahead of the crack tip prior to crack propagation and 
particles which may debond from the matrix as a crack front moves through the sample. 
Particle debonding associated with void growth was found to decrease with increasing 
filler content. However, regardless of filler content, particle debonding associated with 
void growth initially increases ahead of the crack tip, reaches a maximum and then 
steadily decreases. Significant scatter was found from measurements of particle 
debonding associated with void growth from one SEM image to another. Therefore, a 
running average fraction of particle debonding associated with void growth was shown 
to provide a better representation of particle debonding with subsequent void growth 
ahead of the crack tip.  
 Microcracking was observed on fracture surfaces by SEM imaging and through 
sample cross sections by TOM imaging. Therefore, it is proposed that subcritical crack 
growth by the formation of microcracks is a shielding mechanism which contributes to 
the toughenablity of silica-filled epoxy nanocomposites.  
 Finally, a modified Huang and Kinloch model was proposed which incorporated 
the toughening contributions of particle debonding with subsequent void growth, matrix 
shear banding, and microcracking. The proposed model produced better agreement with 
measured fracture energy results, compared to the original Huang and Kinloch model 
and the modified Huang and Kinloch model proposed by Bray et al. The applicability 
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of the proposed model necessitates an ‘a posteriori’ approach to estimating the fracture 
energy of silica-filled epoxy nanocomposites. In general, detailed experimentation is 
required to produce representative models. These models can then be used to anticipate 
fracture behavior for guiding further experimental research.   
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CHAPTER 3: THE EFFECT OF SURFACE MODIFICATION ON THE 
FRACTURE BEHAVIOR OF SILICA-FILLED EPOXY NANOCOMPOSITES 
 
3.1 Introduction 
 
Characterizing the fracture behavior of silica-filled epoxy nanocomposites has 
received much attention in literature. Many researchers have found that fracture 
toughness improves with increasing filler content in silica-filled epoxy nanocomposites 
[e.g. 1-4]. Johnsen et al. reported a 240% increase in fracture toughness with the addition 
of up to 13.4 vol% of 20 nm silica nanoparticles in an anhydride-cured epoxy [1]. Liang 
and Pearson demonstrated that the addition of up to 17.4 vol% of either 20 nm or 80 nm 
silica nanoparticles into an epoxy matrix produced similar improvements in fracture 
toughness [2]. Hsieh et al. reported improvements in fracture toughness with the 
addition of up to 13.7 vol% of 20 nm silica nanoparticles in four different epoxy systems 
[3]. Dittanet and Pearson found that similar fracture toughness improvements were 
achieved with up to 30 vol% of either 23 nm, 74 nm, and 170 nm silica nanoparticles in 
a piperidine-cured epoxy [4]. 
While previous studies have investigated the influence of filler content and 
particle size on the fracture behavior of silica-filled epoxy nanocomposites, the role of 
the particle-matrix interface has not received significant attention. The incorporation of 
nanoscale fillers significantly increases the interfacial area present in composite systems 
as compared to the inclusion of micron-scale fillers. Kawaguchi and Pearson studied the 
influence of particle-matrix interaction on the fracture behavior of micron-scale glass 
bead-filled epoxy composites [5]. Their results showed that fracture toughness was 
higher in systems that displayed poor particle-matrix adhesion. Studies of 
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nanocomposite systems have generally assumed weak particle-matrix interaction [e.g. 
1, 3]. Differences in particle-matrix interaction may have drastic effects on the 
processing and performance of silica-filled epoxy nanocomposites.  
Particle-matrix interactions can be greatly influenced by surface modification of 
filler particles. In this chapter, the particle-matrix interfaces of nominally 50 nm 
diameter silica nanoparticles are modified with the use of three different surface 
treatments. The fracture behavior of these surface-treated silica-filled epoxy 
nanocomposites is investigated. Nanocomposites are cured with up to 10 vol% of 
surface-treated silica nanoparticles. Thermal, rheological and inverse gas 
chromatography techniques are utilized to elucidate filler-matrix interactions. Thermal 
and mechanical properties are evaluated for each nanocomposite. Fractographical 
analysis is employed to determine the underlying toughening mechanisms in these 
nanocomposites. Finally, the contribution of each toughening mechanism is modeled to 
generate anticipated fracture energies which are then compared to measured fracture 
energy results. 
3.2 Experimental 
 
3.2.1 Materials 
 
 A diglycidyl ether of bisphenol A-based epoxy resin (DER 331, Dow Chemical 
Company), with an equivalent molecular weight of 187 g/mol, was used in this study. 
Silica nanoparticles with various novel surface treatments were prepared by Cabot 
Corporation and provided as pre-mixed concentrates in a DGEBA epoxy resin. The 
silica nanoparticles have a nominal diameter of 50 nm. The surface treatment process 
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and the specific surface chemistries of the silica nanoparticles are proprietary (to Cabot 
Corporation) and therefore are not disclosed in this dissertation. In general, feedstock 
non-treated silica nanoparticles were mixed in an aqueous suspension with the same 
surface treatment agent and processed until phase separation. Then, the treated silica 
nanoparticles were filtered, spray dried, and mixed with epoxy resin. Table 1 provides 
an overview of each type of silica nanoparticle and a general description of each surface 
treatment. Composites were cured with piperidine (Piperidine – 99%, Alfa Aesar). In 
addition to the premixed concentrates, approximately 50 g of each type of silica 
nanoparticle was provided as dry powder for subsequent analysis.  
Table 1. General description of each surface treatment. 
Silica Treatment Designation Surface Treatment Description 
N No Surface Treatment 
A Hydrophobic 
B Slightly more hydrophobic than “A” 
C Slightly more hydrophobic than “B” 
 
3.2.2 Nanocomposite Preparation 
 
3.2.2.1 Characterization of Premixed Concentrate 
 
 Thermogravimetric analysis was used to determine the amount of silica 
nanoparticles in each of the premixed concentrates received from Cabot Corporation 
according to ASTM E2550 standard testing guidelines [6]. Samples weighing 
approximately 10 – 20 mg were loaded into a platinum crucible and loaded into a 
thermogravimetric analyzer (TGA Q500, TA Instruments). The samples were heated 
from 25 °C to 700 °C at a ramp rate of 10 °C/min under an air environment. The weight 
loss in the sample was recorded as a function of temperature. Universal Analysis 
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software (TA Instruments) was used to determine the weight percent of silica 
nanoparticles remaining after the temperature ramp. Two samples were tested from each 
premixed concentrate. 
3.2.2.2 Density of Silica Nanoparticles  
 
 Previously cured un-filled and highly-filled nanocomposites were analyzed to 
determine the density of the unmodified epoxy and each type of silica nanoparticle. 
First, thermogravimetric analysis, using the same testing parameters as outlined in 
Section 3.2.2.1, was used to determine the weight percent of silica nanoparticles in each 
sample. Next, density measurements were conducted using an analytical balance 
(Torbal AGC200) equipped with a density kit based on Archimedes principle. Five 
samples for each nanocomposite were weighed dry (i.e. in air) and wet (i.e. in water).  
The temperature was recorded to the nearest 0.1 °C to accurately determine the density 
of water. The density of each nanocomposite was determined using a Torbal density 
calculator. Finally, the density of the silica nanoparticles was determined using the 
following equation: 𝜌 = 	 𝑚𝑚 + 𝑚𝜌T − 𝑚𝜌 																																																							(1) 
 where 𝑚 and 𝑚 are the mass fractions of silica and epoxy, respectively, and 𝜌T , 𝜌, 
and 𝜌 are the densities of the epoxy, nanocomposite, and silica nanoparticles, 
respectively.   
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3.2.2.3 Curing of Nanocomposites  
 
 Each pre-mixed concentrate was diluted with unmodified DER 331 epoxy resin 
to produce filled-resins consisting of 2.5, 5, 7.5 and 10 vol% of silica nanoparticles. The 
uncured filled-resins were then placed in a heating mantle and mixed using a mechanical 
stirrer. First, the temperature was ramped to 80 °C to lower the viscosity of each filled-
resin. Then, mixing was conducted in air for 30 minutes at 80 °C. Next, the mixture was 
transferred to a heated ultrasonic bath for 30 minutes. Ultrasonic mixing is commonly 
used to facilitate good dispersion by deagglomerate nanoparticles in suspensions [7]. 
Subsequently, the filled-resin was returned to the heating mantle and was degassed 
under vacuum for 4 hours at 80 °C. Next, 5 parts per hundred resin (phr) of piperidine 
was added into the remaining filled-resin, as a curing agent, and allowed to mix under 
vacuum for 10 minutes. Thereafter, the mixture was poured into a preheated Teflon-
coated aluminum mold and placed in an oven to cure for 6 hours at 160 °C. Finally, the 
cured nanocomposites were gradually cooled to room temperature in an oven for 24 
hours.  
During the processing of the most highly-filled resins (containing 10 vol% of 
silica nanoparticles) approximately 20 grams of resin was set aside for subsequent 
rheological and thermal analysis prior to the addition of the curing agent.  
The final concentration of silica nanoparticles in each cured nanocomposite was 
analyzed using thermogravimetric analysis, under the same testing parameters as 
discussed in Section 3.2.2.1.   
 101 
Transmission electron microscopy was used to examine the morphology of the 
cured nanocomposites. Portions of the 2.5 vol% and 10 vol% cured nanocomposites 
containing each type of silica nanoparticles were sent to Dr. Gregory Hendricks at the 
Core Electron Microscopy Facility of the University of Massachusetts Medical School 
(Worcester, MA) for ultramicrotoming and carbon coating. The sectioned samples, 
approximately 100 nm in thickness, were imaged in a transmission electron microscope 
(JEOL-2000FX) operating at an accelerating voltage of 200kV. 
3.2.3 Materials Characterization 
  
3.2.3.1 Filler-Matrix Interactions 
 
Differential Scanning calorimetry was used to determine the glass transition 
temperature (𝑇) of each highly-filled uncured resin according to ASTM D7426 
standard testing guidelines [8]. Samples weighing approximately 10 mg were placed 
into hermetically-sealed aluminum pans and loaded into a differential scanning 
calorimeter (DSC Q2000, TA Instruments). The samples were heated from -60 °C to 25 
°C at a ramp rate of 10 °C/min under a nitrogen environment and then cooled down to 
-60 °C at the same ramp rate to remove any thermal history. Then, a second heating 
ramp was conducted from -60 °C to 25 °C at a ramp rate of 10 °C/min. Heat flow into 
and out of the sample was recorded for each temperature cycle. Universal Analysis 
software (TA Instruments) was used to determine the glass transition temperature (𝑇) 
of each uncured highly-filled resin.  
 Rheometry was used to determine the viscoelastic properties of the uncured 
highly-filled resins (containing 10 vol% of silica nanoparticles). The rheological 
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experiments were conducted using disposable parallel-plate geometries installed on a 
rheometer (DHR-2, TA Instruments). For each experiment, an appropriate amount of 
sample was used in order to have a 1 mm gap between the disposable parallel-plates 
during testing. First, structure build-up analysis was conducted by determining the 
viscosity of the resins under steady state flow. Flow sweeps were conducted at shear 
rates ranging from 0.01 1/s to 100 1/s at 25 °C. At each shear rate, a maximum 
equilibration time of 180 s was allowed for the sample to reach a steady state based on 
an average of three consecutive viscosity measurements that were within a 5% 
tolerance.  Second, the yield behavior of each resin was analyzed through oscillatory 
amplitude sweeps. The viscosity of each resin at 25 °C was measured at torque values 
ranging from 1 µN.m to 1000 µN.m. The angular frequency was set to 6.28 rad/s. The 
yield stress at viscosity maximum is reported for each resin. Lastly, the storage and loss 
moduli of each highly-filled resin was determined through oscillatory frequency 
sweeps. Measurements were taken at 25 °C over a frequency range of 0.1 Hz to 1 Hz 
with an applied strain of 1.25%. At the start of the test, each sample was pre-sheared at 
a shear rate of 10 1/s for 10 seconds and allowed to reach equilibrium for a duration of 
180 seconds. Storage and loss modulus are reported as a function of angular frequency. 
 Inverse gas chromatography was used to determine the surface energies 
(dispersive and acid-base) at infinite dilution for each type of silica nanoparticle. In 
addition, the surface heterogeneity was determined by measuring the distribution of 
surface energies at finite dilutions. Dry silica powder was sent to Surface Measurement 
Systems (Allentown, PA) for testing on a Surface Energy Analyzer (SEA, Surface 
 103 
Measurement Systems). Measurements were conducted by Dr. Daniel Burnett using 
standard analysis techniques [9-10]. Dry silica powders were packed into individual 
presilanized glass columns. The columns were placed into a tapping machine to reduce 
voiding between particles. The dispersive surface energy was determined by passing 
known volumes of alkane probe molecules through the column to obtain up to 10% 
surface coverage with the silica particles. The alkanes used were nonane, octane, 
heptane, and hexane (all obtained from Sigma Aldrich). The acid-base component of 
surface energy was obtained using two polar probe molecules (dichloromethane and 
ethyl acetate, both obtained from Sigma Aldrich). Again, known volumes of the probe 
molecules were passed through the column to obtain up to 10% surface coverage with 
the silica particles. The column temperature was set to 60 °C throughout the experiments 
and a helium purge gas was used to carry the probe molecules through the column. 
Surface energy values as a function of surface coverage are reported for each type of 
silica.   
3.2.3.2 Thermal Analysis of Cured Nanocomposites 
 
Differential Scanning calorimetry was used to determine the glass transition 
temperature (𝑇)of each nanocomposite according to ASTM D7426 standard testing 
guidelines [8]. Samples weighing approximately 10 mg were placed into hermetically-
sealed aluminum pans and loaded into a differential scanning calorimeter (DSC Q2000, 
TA Instruments). First the samples were heated from 25 °C to 200 °C at a ramp rate of 
10 °C/min under a nitrogen environment and then cooled down to 25 °C  at the same 
ramp rate to remove any thermal history. Then, a second heating ramp was conducted 
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from 25 °C to 200 °C at a ramp rate of 10 °C/min. Heat flow into and out of the sample 
was recorded for each temperature cycle. Universal Analysis software (TA Instruments) 
was used to determine the glass transition temperature (𝑇) of each nanocomposite. 
Two samples were tested from each cured nanocomposite.  
 Thermomechanical analysis was used to investigate the coefficient of thermal 
expansion (CTE) of each nanocomposite according to ASTM E831 standard testing 
guidelines [11]. Samples were machined into 5 mm x 5 mm x 5 mm cubes and loaded 
into a thermomechanical analyzer (TMA 2940, TA Instruments). The samples were first 
heated from 25 °C to 200 °C at a ramp rate of 5 °C/min and then cooled down to 25 °C 
at the same ramp rate to relieve any residual stresses. Then, a second heating ramp was 
conducted from 25 °C to 200 °C at a ramp rate of 1 °C/min while recording the linear 
change in dimension of the sample. Universal Analysis software (TA Instruments) was 
used to determine the CTE values above and below 𝑇 based on the dimension change 
versus temperature profile of each nanocomposite. Two samples were tested from each 
cured nanocomposite.  
3.2.3.3 Mechanical Characterization of Cured Nanocomposites 
 
 Dynamic mechanical analysis was performed on the 10 vol% silica-filled epoxy 
nanocomposites. Rectangular samples were machined and ground to approximately 35 
mm x 12.5 mm x 2.5 mm. The samples were loaded into a rectangular torsion geometry 
installed on a rheometer (DHR-2, TA Instruments). An oscillatory temperature ramp 
was conducted from 25 °C to 150 °C at a ramp rate of 1 °C/min. A soak time of 10 
seconds was applied after each temperature step. The frequency was set to 1 Hz and the 
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maximum strain was set to 0.2%. An axial force of 10 N was maintained during testing 
to prevent sample buckling. Storage modulus and tan δ are reported as a function of 
temperature.  
Compression testing was performed on a screw-driven universal materials 
testing machine (Instron 5567) to determine the compressive yield stress (𝜎N) of each 
nanocomposite. Samples were prepared, tested, and analyzed according to ASTM D695 
standard testing guidelines [12]. First, sample bars were machined to the following 
dimensions: 12 mm x 6 mm x 6 mm. Prior to testing, samples were annealed for 1 hour 
at 100 °C to relieve: 1) potential physical aging differences between samples cured at 
different times and 2) any residual stress variations due to sample curing and machining. 
Testing was conducted at a crosshead speed of 1 mm/min. Directly before loading, a 
thin layer of graphite powder was added to the top and bottom surfaces of each sample 
as a lubricant between the sample and the test fixtures. Five samples were tested from 
each cured nanocomposite.  
Single-edge notch bend testing was performed on a screw-driven universal 
materials testing machine (Instron 5567) to determine the plane-strain fracture 
toughness (𝐾GT) of each nanocomposite. Samples were prepared, tested, and analyzed 
according to ASTM D5045 standard testing guidelines [13]. First, sample bars were 
machined to the following dimensions: 76.2 mm x 12.7 mm x 6.3 mm. Then, a jeweler’s 
saw was used to make a pre-notch in each sample bar. Next, a razor blade was chilled 
in liquid nitrogen and then lightly tapped into the pre-notch to generate a natural, sharp, 
self-propagating and penny-shaped crack. Samples were tested using a crosshead speed 
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of 1 mm/min. A minimum of ten samples were tested for each nanocomposite. After 
testing, crack length measurements were conducted on the fracture surfaces of each 
sample. In addition, load-displacement curves were analyzed to ensure that the proper 
peak load value was used to calculate the conditional fracture toughness (𝐾U). The 
general formula for 𝐾U is as follows: 
𝐾U = 	 𝑃U𝐵𝑊@ 4 𝑓 𝑎𝑊 																																																													(2) 
where 𝑃U is the maximum load at break, 𝐵 is the sample thickness, 𝑊 is the sample 
width,  𝑎  is the crack length, and 𝑓 [\   is the shape factor which is determined as 
follows:  
𝑓 𝑎𝑊 = 	6 𝑎𝑊 @ 4 1.99	 −	 𝑎𝑊 1 − 𝑎𝑊 2.15	– 	3.93 𝑎𝑊 	+ 2.7 𝑎𝑊 41 + 2 𝑎𝑊 1 − 𝑎𝑊 ` 4 					(3) 
The validity of each  𝐾U was analyzed according to the procedure outlined in Section 
9.1 of ASTM D5045 [13] to ensure that each result meets crack length and size criteria 
standards for linear elastic fracture mechanics. Finally, a minimum of five valid 𝐾U 
measurements were used to report an average plane-strain fracture toughness (𝐾GT) for 
each nanocomposite.  
 The critical strain energy release rate (𝐺GD) was determined by integrating the 
load-displacement curves up to the load point for the samples that produced valid 𝐾U 
measurements. The energy, 𝑈, from the integrated area was then used to calculate the 
conditional fracture energy, 𝐺U, using the following expressions:  
 107 
𝐺U = 	 𝑈𝐵𝑊𝜙 																																																																			(4) 
where 𝑈 is the energy obtained from the integrated load-displacement curve, 𝐵 is the 
sample thickness, 𝑊 is the sample width, and 𝜙 is the crack compliance function. 
Values for 𝜙 are obtained from Table 1 from ASTM D5045 [13]. The accuracy of each  𝐺U was analyzed according to the procedure outlined in Section 9.3 of ASTM D5045 
[13]. Finally, a minimum of five valid 𝐺U measurements were used to report an average 
critical strain energy release rate (𝐺GD) for each nanocomposite. 
3.2.3.4 Fractography of Nanocomposites  
 
 Scanning electron microscopy was used to the examine fracture surfaces 
produced from three-point bend testing.  All samples were sputter-coated with iridium 
to reduce sample charging during imaging. Furthermore, the sides of the samples were 
coated with silver paint to facilitate electron conduction to ground. The samples were 
imaged in a scanning electron microscope (Zeiss 1500 SEM) equipped with an in-lens 
secondary electron detector. An accelerating voltage of 5 kV was used. In addition, low-
voltage SEM imaging techniques as outlined by Goldstein et al. [14] were used.  
 Transmission optical microscopy was used to investigate subsurface damage in 
the fractured samples produced from three-point bend testing. Fractured samples, from 
the 2.5 vol%, 5 vol% and 10 vol% cured nanocomposites containing each type of silica, 
were selected for imaging. The samples were ground and polished to produce thin 
sections that were approximately 100 microns in thickness using standard petrographic 
techniques [15]. Bright field and cross-polarized light imaging was conducted on a light 
optical microscope (Olympus Model BH2).   
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3.3 Results & Discussion 
 
3.3.1 Characterization of As-Received Materials   
 
 The as-received premixed concentrates from Cabot Corporation contained 
approximately 18 to 32 wt% of silica nanoparticles (Table 2). The density of the treated-
silica nanoparticles was determined by analyzing the silica content and densities of 
previously cured highly-filled nanocomposites containing each type of treated-silica.  
Table 2. Thermogravimetric analysis of premixed concentrates. 
Premixed Concentrate  Weight Percent of Silica (wt%) 
Non-Treated Silica 30.8 +/- 0.4 
A-Treated Silica 31.5 +/- 0.3 
B-Treated Silica 28.8 +/- 0.2 
C-Treated Silica 18.5 +/- 0.5 
 
In Table 3, the measured densities of the cured highly-filled nanocomposites and 
the calculated densities of each type of treated-silica are shown. The density of the cured 
unmodified epoxy is 1.166 g/cm3. The densities of the silica nanoparticles ranged from 
2.20 g/cm3 for the non-treated silica nanoparticles to 2.36 g/cm3 for the C-treated silica 
nanoparticles. The density of the non-treated silica agrees with the characteristic density 
of amorphous silica [16]. As shown in Table 3, the densities of treated-silica 
nanoparticles are higher than the densities of the non-treated silica nanoparticles. The 
calculated densities of the silica nanoparticles are also higher than the densities reported 
previously for organosilane-treated silica nanoparticles. Dittanet and Pearson reported 
silica nanoparticle densities ranging from 1.90 – 1.93 g/cm3 silica nanoparticles with 
particle sizes of 23 nm to 170 nm [4]. In Chapter 1, a density of 2.1 g/cm3 was obtained 
for 100 nm silica nanoparticles. Variations in surface treatment primarily account for 
the differences in silica nanoparticle densities obtained in this study. 
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Table 3. Calculated density of each type of treated-silica. 
Filler Measured Density of Highly-
Filled Cured 
Nanocomposites (g/cm3) 
Calculated Density of 
Treated Silica 
Nanoparticles (g/cm3) 
Non-Treated Silica 1.339 +/- 0.003 2.20 
A-Treated Silica  1.305 +/- 0.001 2.27 
B-Treated Silica 1.335 +/- 0.003 2.29 
C-Treated Silica 1.303 +/- 0.002 2.36 
 
Based on the silica content of the premixed concentrates and the densities of the 
treated-silica nanoparticles, the filler content will range from 0 to 10 vol% for the cured 
nanocomposites. 
3.3.2 Filler-Matrix Interactions 
 
  During the processing of the nanocomposites, uncured resins containing 10 
vol% of each type of treated-silica were set aside for analyzing potential filler-matrix 
interactions. The inclusion of surface-treated filler particles into a polymer can alter the 
thermal, mechanical and processing behavior of the polymer matrix. In the uncured 
state, shifts in the glass transition temperature (𝑇) of the filled-resin compared to the 
unmodified resin may signal chemical interactions between the filler and the matrix. 
Table 4 compares the glass transition temperature of the uncured epoxy resin with the 
uncured resins filled with 10 vol% of each type of silica nanoparticle. No significant 
shift in 𝑇 were observed between the unmodified and filled resins. Typically, 
equilibrium 𝑇 values are compared based on the second heating ramp (last column in 
Table 4) but here the first heating ramp data (middle column in Table 4) is also 
highlighted. Each resin was analyzed within 30 minutes after processing. Therefore, any 
influence of the mixing procedure (i.e. the immediate thermal history) would appear 
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during the first heating ramp. No significant shift in 𝑇 was observed, therefore, the data 
suggests that inclusion of each type of silica nanoparticle into the epoxy matrix does not 
yield sufficient chemical interactions.  
Table 4. Thermal analysis of uncured resins. 
Uncured Resin 𝑇 (°C) via DSC  
(First Heating Ramp) 
𝑇 (°C) via DSC  
(Second Heating Ramp) 
Unmodified Epoxy -15.3 +/- 0.5 -15.2 +/- 0.4 
10 vol% Non-Treated Silica -14.3 +/- 0.2 -14.0 +/- 0.8 
10 vol% A-Treated Silica -15.3 +/- 0.2 -13.4 +/- 0.1 
10 vol% B-Treated Silica -15.5 +/- 0.4 -14.8 +/- 0.4 
10 vol% C-Treated Silica -15.5 +/- 0.3 -14.7 +/- 0.1 
 
 Structure build-up analysis, as shown in Figure 1, reveals that the presence of 
the treated-silica nanoparticles significantly increased the viscosity of the uncured resins 
compared to the unmodified epoxy resin. The unmodified epoxy resin behaves as a 
Newtonian fluid (i.e. viscosity is independent of shear rate) given it’s amorphous, 
isotropic and relatively small molecule structure. The inclusion of 10 vol% of non-
treated (N) silica nanoparticles increases the viscosity of the epoxy resin but retains 
Newtonian behavior. The inclusion of 10 vol% of A-treated and C-treated silica 
nanoparticles increases the viscosity of the epoxy resin and introduces slight non-
Newtonian behavior. Figure 1 also shows that the viscosity of the 10 vol% C-treated 
silica-filled epoxy resin is the closest to the viscosity of the unmodified epoxy resin. In 
both the 10 vol% A-treated and C-treated silica-filled epoxy resins, there is an initial 
rise in viscosity with shear rate followed by a decrease towards a plateau. The initial 
rise in viscosity suggests the presence of yielding in both systems. The yield behavior 
may be due to filler-filler interactions caused by the presence of the nanoparticles. 
Finally, the 10 vol% B-treated silica-filled epoxy resin shows strong shear thinning 
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behavior (i.e. decreasing viscosity with increasing shear rate). The large increase in 
viscosity observed at a shear rate of 0.01 1/s suggests significant filler-filler interactions 
where the presence of the rigid fillers dominates the flow behavior of the system. The 
solid-like behavior of the system decreases with increasing shear rate as sufficient filler 
particle segregation allows the viscous behavior of the epoxy resin to dominate.  
 
Figure 1. Structure-build up analysis of the uncured resins showing the viscosity under 
steady state flow over a range of shear rates. 
 
 To further assess the yield behavior of each uncured resin oscillatory, amplitude 
sweeps were conducted. As shown in Figure 2, no yield stress (taken as the measured 
stress at maximum viscosity) was observed for the unmodified epoxy and for the non-
treated (N) silica-filled epoxy resin. The Newtonian behavior of the non-treated (N) 
silica-filled epoxy resin suggests that the filler-filler interactions are relatively low. The 
reduced interactions may be due to sufficient dispersion within the epoxy matrix or 
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significant filler-filler affinity such that there is not breaking and subsequent building 
of structure in response to shear deformation.  
 Each of the treated-silica epoxy resins displayed a yield stress: 8.4 Pa for the 
resin containing 10 vol% A-treated silica, 16.2 Pa for the resin containing 10 vol% B-
treated silica and 7.4 Pa for the resin containing 10 vol% C-treated silica. The onset of 
yielding suggests that the filler particles in each system are restricting the flow of the 
resin. Therefore, a yield stress signifies that the rigidity introduced by the presence of 
the particles has been overcome and subsequently viscous behavior dominates in 
response to increasing shear deformation. 
 
Figure 2. Yield behavior of the uncured resins showing the change in viscosity a 
function of stress. 
 
 The storage and loss modulus of the uncured resins is show in Figure 3. As 
expected, the loss modulus, reflective of viscous behavior, dominated in the unmodified 
epoxy. The inclusion of non-treated (N) silica, A-treated silica, and C-treated silica did 
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not significant change the viscous-like behavior of the epoxy resin, therefore, the loss 
modulus dominated in each of those systems as well. Only the 10 vol% B-treated silica-
filled epoxy resin showed appreciable competition between solid-like behavior and 
viscous-like behavior. Indeed, by extending the testing range to lower angular 
frequencies, the storage modulus overtook the loss modulus as the presence of the filler 
particles effectively gelled the structure of the resin. During the processing of the 
nanocomposites, the B-treated silica-filled epoxy resins displayed the most solid-like 
behavior, even at elevated temperatures, compared to the other silica-filled epoxy resins.  
 
Figure 3. Storage and loss modulus of the uncured resins as a function of angular 
frequency: A) unmodified epoxy and silica-filled epoxy resins containing up to B) 10 
vol% non-treated (N) silica, C) 10 vol% A-treated silica, D) 10 vol% B-treated silica 
and E) 10 vol% C-treated silica. 
 
 To further investigate potential filler-filler interaction, inverse gas 
chromatography was used to evaluate the surface heterogeneity of each type of silica 
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nanoparticle. Generally, surface energy data is collected at infinite dilutions (i.e. near 
zero surface coverage). However, such surface energy data is more representative of 
probe molecule interactions with the most energetic surface sites. Surface heterogeneity 
profiles which take into account finite dilutions (i.e. surface coverages approaching 
10%) better articulate the surface energy of particles by taking into account a more 
representative sampling of surface sites. In addition, the shape of the surface 
heterogeneity profiles can characterize the surface quality of particles. In Figure 4, the 
total surface energy, surface wettability, as well as the acid-base and dispersive 
components of surface energy are each plotted as a function of surface coverage.  
 
Figure 4. Surface heterogeneity profiles as a function of surface coverage for each type 
of silica nanoparticle comparing: A) total surface energy, B) surface wettability, C) the 
acid-base component of surface energy, and D) the dispersive component of surface 
energy. 
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 At 10% surface coverage, the non-treated (N) silica nanoparticles have the 
highest total surface energy, 46 mJ/m2. The application of surface treatments A, B and 
C resulted in lower total surface energy: 38 mJ/m2 for the A-treated silica, 43 mJ/m2 for 
the B-treated silica, and 41 mJ/m2 for the C-treated silica. Typically, the shape of surface 
heterogeneity profiles slope downwards as a function of increasing surface coverage as 
probe molecules begin to interact with lower energy surface sites [9-10]. The sharp 
decrease in total surface energy as a function of increasing surface coverage implies that 
there are more lower-energy (i.e. treated) surface sites as compared to higher-energy 
(i.e. non-treated) surface sites. The surface heterogeneity profiles for the A-treated and 
C-treated silica nanoparticles slope downward with increasing surface coverage. 
However, the observed trend for the C-treated silica nanoparticles is less drastic. 
Therefore, the surface coating of the C-treated silica nanoparticles is more homogeneous 
than the surface coating of the A-treated silica nanoparticles. Interestingly, both the non-
treated (N) silica and the B-treated silica shown upward slopes with increasing surface 
coverage. Upward slopes in surface heterogeneity profiles are typically associated with 
interactions between probe molecules, however, such interactions are not expected at 
finite dilutions corresponding to surface coverages of 10% or lower. Therefore, the 
upward slopes observed here may signal the presence of more higher-energy sites on 
the surfaces of the non-treated (N) and B-treated silica nanoparticles which may result 
from poor surface coverage (with the non-treated (N) silica serving as the extreme 
condition with no surface coating present).  
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 The surface wettability profiles (Figure 4B), reveal that the A-treated silica, as 
expected, is the least hydrophobic surface treatment. No significant difference was 
observed in the hydrophobicity of the B-treated and C-treated silica nanoparticles with 
both being more hydrophobic than the non-treated (N) and A-treated silica 
nanoparticles. Furthermore, as shown in Figure 4C, the acid-base component of the total 
surface energy is nearly identical for the B-treated and C-treated silica nanoparticles. 
 The dispersive surface energy is the dominant component of the total surface 
energy for each type of silica nanoparticle (Figure 4D). The dispersive surface energy 
provides an indication of the non-polar sites on the particle surfaces and their affinity 
for cohesive interactions (e.g. by van der Waals forces). It is anticipated that the non-
treated (N) silica nanoparticles will agglomerate during nanocomposite processing. 
Based on the similar dispersive surface energies of the non-treated (N), B-treated and 
C-treated silica nanoparticles, and ignoring potential filler-matrix interactions during 
cure, it is anticipated that the B-treated and C-treated silica nanoparticles will also tend 
to agglomerate.  
3.3.3 Compositional Analysis of Cured Nanocomposites 
 
 Thermogravimetric analysis performed on the cured nanocomposites revealed 
variations between target and achieved filler concentrations. As shown in Table 5, the 
achieved silica content was lower than the target concentration for each nanocomposite. 
The closest agreement was found with the use of A-treated silica nanoparticles. In 
contrast, the achieved silica content was lowest with the use of B-treated silica 
nanoparticles.   
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Table 5. Comparison of target and calculated silica contents for each nanocomposite. 
Filler Nominal Filler 
Content (vol%) 
Measured Filler 
Content (wt%) via 
TGA 
Calculated 
Filler Content 
(vol%) 
None (Unmodified Epoxy) 0 0 0 
Non-Treated Silica 
Nanoparticles 
2.5 4.0 +/- 1.1  2.2 
5 8.2 +/- 0.3 4.5 
7.5 13.6 +/- 3.9  7.7 
10 16.6 +/- 0.5 9.6 
A-Treated Silica 
Nanoparticles 
2.5 4.4 +/- 0.1 2.3 
5 9.0 +/- 0.1 4.9 
7.5 12.8 +/- 0.1 7.0 
10 17.5 +/- 0.1 9.8 
B-Treated Silica 
Nanoparticles 
2.5 2.6 +/- 0.2 1.3 
5 6.1 +/- 0.1 3.2 
7.5 11.6 +/- 0.2 6.3 
10 16.1 +/- 0.1 8.9 
C-Treated Silica 
Nanoparticles 
2.5 4.4 +/- 0.1 2.2 
5 9.0 +/- 0.1 4.7 
7.5 13.4 +/- 0.2 7.1 
10 17.0 +/- 0.1 9.2 
 
The lower than anticipated silica contents may be due to particle settling during 
the curing process. When the cured plaques were removed from the aluminum molds, 
particle settling was observed at the bottom of some of the plaques. In Figure 5, cross 
sections are shown from the bottom of plaques containing 2.5 vol% of each type of silica 
nanoparticle. No particle settling is optically observed in the 2.5 vol% A-treated silica-
filled epoxy nanocomposite. However, particle settling is observed in the 2.5 vol% non-
treated (N), B-treated and C-treated silica-filled epoxy nanocomposites. 
Thermogravimetric analysis and optical imaging confirm that particle setting was most 
drastic with the B-treated silica nanoparticles and further support the limited 
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processibility of the B-treated silica as suggested by the rheological and inverse gas 
chromatography experiments. 
 
Figure 5. Optical images of the cross sections from the bottom of 2.5 vol% silica-filled 
epoxy nanocomposite plaques containing: A) non-treated silica, B) A-treated silica, C) 
B-treated silica, and D) C-treated silica. 
 
 The morphologies of the 2.5 vol% and 10 vol% silica-filled epoxy 
nanocomposites containing each type of treated-silica are shown in Figures 6 - 9. The 
non-treated (N) silica-filled epoxy nanocomposites show significant nanoscale and 
micron-scale agglomeration. The particle size of the nanoscale agglomerates is 
approximately 250 nm while the micron-scale agglomerates are on the order of 2 µm. 
In addition, only a few well-dispersed individual nanoparticles are readily visible. The 
2.5 vol% N 2.5 vol% A
2.5 vol% B 2.5 vol% C
A B
C D
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non-treated (N) silica nanoparticles have a wide particle size distribution with a number 
average particle size (diameter) of 61 +/- 23 nm.  
 
Figure 6. TEM images of the non-treated (N) silica-filled epoxy nanocomposites at 2.5 
vol% (A & B) and 10 vol% (C & D) filler content. 
 
 The various surface treatments had a tremendous impact on the dispersion of the 
silica nanoparticles within the epoxy matrix. Some agglomeration is present in each 
system, although it is most prevalent in the B-treated silica-filled epoxy 
A B 
C D 
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nanocomposites.  Also, the largest agglomerates are in the B-treated silica-filled epoxy 
nanocomposites with micron-scale agglomerates on the order of 3 µm. The number 
average particle size of the B-treated silica nanoparticles is 58 +/- 21 nm.  
 
Figure 7. TEM images of the A-treated silica-filled epoxy nanocomposites at 2.5 vol% 
(A & B) and 10 vol% (C & D) filler content. 
 
 The A-treated and C-treated silica-filled epoxy nanocomposites showed the best 
nanoparticle dispersion. In both systems, individually dispersed nanoparticles are 
A B 
C D 
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readily seen at both 2.5 vol% and 10 vol% filler concentrations. In addition, 
agglomeration is mostly limited to the nanoscale with clusters on the order of 500 nm. 
The number average particle size of the A-treated and C-treated silica nanoparticles is 
54 +/- 16 nm and 52 +/- 20 nm, respectively.   
 
Figure 8. TEM images of the B-treated silica-filled epoxy nanocomposites at 2.5 vol% 
(A & B) and 10 vol% (C & D) filler content. 
 
A B 
C D 
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 The size of the agglomerates in each system are approximately the same size at 
both low and high filler concentrations. Therefore, the origins of the agglomerates are 
most likely associated with the spray drying process performed after the silica 
nanoparticles were surface-treated. The morphologies shown in Figures 6-9 differ from 
the nearly agglomerate-free morphologies obtained by previous studies using the same 
curing conditions albeit with organosilane-treated silica nanoparticles ranging from 23 
nm to 170 nm [2, 4]. 
Figure 9. TEM images of the C-treated silica-filled epoxy nanocomposites at 2.5 vol% 
(A & B) and 10 vol% (C & D) filler content. 
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 TEM images are two-dimensional representations of three-dimensional space, 
therefore, on a volume fraction-basis these images can be used to describe the internal 
morphology of materials. A minimum of ten TEM images, similar to those shown in 
Figures 6-9, were analyzed to determine the fraction of nanoparticles, nanoscale 
agglomerates and micron-scales agglomerates that make up the total silica content found 
in each type of silica-filled epoxy nanocomposite. A through-thickness of 100 nm was 
assumed for each TEM image. In addition, it was assumed that each TEM image 
reflected the calculated filler content for each nanocomposite. Thus, the total volume 
fraction of nanoparticles, nanoscale agglomerates and micron-scales agglomerates, was 
determined relative to the total volume represented by each TEM image. In Table 6, the 
average fraction of nanoparticles, nanoscale agglomerates and micron-scale 
agglomerates for each system is summarized. Agglomerates were assumed to be on the 
micron-scale if the diameter of clusters was on the micron-scale (or if one axis of an 
ellipsoid was on the micron-scale). Based on the morphologies of the 2.5 vol% and 10 
vol% silica-filled epoxy nanocomposites, the morphologies of the intermediary filler 
concentrations (e.g. 5 vol% and 7.5 vol%) are assumed to have an analogous distribution 
of particles. 
 The non-treated (N) silica-filled epoxy nanocomposites primarily consist of 
nanoscale agglomerates with a low fraction of nanoparticles. The distribution of silica 
content changed slightly with increasing filler content, incrementally favoring micron-
scale agglomerates up to 10 vol% of filler. The application of surface treatment “A” and 
“C” to the silica nanoparticles reduced particle-particle interactions as compared to the 
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non-treated (N) silica and consequently the A-treated and C-treated silica-filled epoxy 
nanocomposites consisted primarily of individual nanoparticles with low concentrations 
of agglomerates. The micron-scale agglomerates in both systems may arise from the 
spray drying process. The application of surface treatment “B” leads to a significant 
increase in the fraction of micron-scale agglomerates to approximately 30%. Individual 
nanoparticles account for approximately 63% of the total filler content for the B-treated 
silica-filled epoxy nanocomposites. The compositional analysis suggests significant 
particle-particle interaction between the B-treated silica nanoparticles.  
Table 6. Compositional analysis depicting the fraction of nanoparticles, nanoscale 
agglomerates and micron-scale agglomerates relative to the total silica content for each 
cured nanocomposite. 
Filler Calculated 
Filler 
Content 
(vol%) 
Fraction of 
Nanoparticles 
Fraction of  
Nanoscale 
Agglomerate
s 
Fraction of 
Micron-Scale 
Agglomerates 
Unmodified Epoxy 0 0% 0% 0% 
Non-Treated Silica 
Nanoparticles 
2.2 1% 94% 5% 
4.5 1% 93% 6% 
7.7 1% 92% 7% 
9.6 1% 91% 8% 
A-Treated Silica 
Nanoparticles 
2.3 94% 1% 5% 
4.9 94% 1% 5% 
7.0 94% 1% 5% 
9.8 94% 1% 5% 
B-Treated Silica 
Nanoparticles 
1.3 72% 1% 27% 
3.2 66% 4% 30% 
6.3 60% 6% 34% 
8.9 53% 10% 37% 
C-Treated Silica 
Nanoparticles 
2.2 97% 1% 2% 
4.7 97% 1% 2% 
7.1 97% 1% 2% 
9.2 97% 1% 2% 
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3.3.4 Thermal Analysis of Cured Nanocomposites 
 
 Table 7 summarizes the thermal analysis of each cured nanocomposite. The 
glass transition temperatures (𝑇) of the silica-filled epoxy nanocomposites were 
measured to be within 2 °C of the measured 𝑇 of the cured unmodified epoxy. No 
significant trend was observed between 𝑇 and filler content for each type of silica-filled 
epoxy nanocomposite. Up to 10 vol% of each type of treated-silica did not affect the 𝑇 
of the nanocomposites, which agrees with the results obtained by Sanctuary et al. who 
found that silica nanoparticles produce a negligible shift in 𝑇 [17]. Furthermore, Baller 
et al. utilized rheological and temperature-modulated differential scanning calorimetry 
to further examine the interaction between silica nanoparticles and the epoxy matrix 
during cure which suggested that interactions between silica nanoparticle and the epoxy 
matrix are very weak and do not restrict network formation during cure [18]. Therefore, 
it is anticipated that similar as-cured conditions exist between the unmodified epoxy and 
each type of silica-filled epoxy nanocomposite used in this study. 
 The addition of each type of treated-silica reduced the linear coefficient of 
thermal expansion (CTE) below and above 𝑇 (𝛼@ and 𝛼4, Table 7). The CTE below 𝑇 
was reduced from 83.5 +/- 1.6 ppm/°C, for the unmodified epoxy, to values ranging 
approximately from 65-67 ppm/°C in the 10 vol% silica-filled epoxy nanocomposites 
containing each type of treated-silica. The CTE below 𝑇 was found to decrease with 
increasing filler content for each nanocomposite system. As the concentration of the 
inorganic and rigid silica nanoparticles increases, the overall thermal stability of the 
nanocomposites also increases. Previously, the CTE of silica particles has been found 
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to be 0.55 ppm/°C [19]. Beyond the higher temperature resistance associated with the 
silica nanoparticles, as compared to the unmodified epoxy, their presence in the epoxy 
matrix may also lead to mechanical reinforcement which may restrict the mobility of 
the surrounding epoxy in response to increases thermal energy.  
Table 7. Thermal analysis of each cured nanocomposite including glass transition 
temperature and CTE values above and below 𝑇. 
Filler Nominal 
Filler Content 
(vol%) 
𝑇 (°C) via 
DSC 
𝛼@, Linear 
CTE Below 𝑇 (ppm/°C) 𝛼4, Linear CTE Above 𝑇 (ppm/°C) 
Unmodified Epoxy 0 76.9 +/- 0.2 83.5 +/- 1.6 223.5 +/- 2.1 
Non-Treated Silica 
Nanoparticles 
2.5 78.8 +/- 0.4  75.2 +/- 3.7 242.0 +/- 9.9 
5 77.0 +/- 0.2 71.7 +/- 3.0 240.0 +/- 5.7 
7.5 78.4 +/- 0.8  69.9 +/- 2.7  218.0 +/- 12.7 
10 76.7 +/- 0.1 67.3 +/- 0.5 201.2 +/- 9.2 
A-Treated Silica 
Nanoparticles 
2.5 77.9 +/- 0.1 72.4 +/- 0.5 231.0 +/- 4.2 
5 78.5 +/- 0.3 71.5 +/- 0.6 225.5 +/- 2.1 
7.5 76.3 +/- 0.1 69.7 +/- 3.3 213.0 +/- 4.2 
10 78.9 +/- 0.3 66.3 +/- 1.8 211.0 +/- 4.9 
B-Treated Silica 
Nanoparticles 
2.5 75.9 +/- 0.5 77.6 +/- 0.2 229.0 +/- 1.4 
5 77.2 +/- 0.1 73.9 +/- 1.5 220.5 +/- 6.4 
7.5 76.9 +/- 0.3 71.0 +/- 1.4 221.0 +/- 4.2 
10 78.1 +/- 0.3 67.3 +/- 2.1 211.5 +/- 3.5 
C-Treated Silica 
Nanoparticles 
2.5 76.5 +/- 0.1 72.6 +/- 1.9 234.0 +/- 4.9 
5 78.2 +/- 0.6  70.4 +/- 0.1 225.0 +/- 2.8 
7.5 78.5 +/- 0.1 67.1 +/- 0.1 226.5 +/- 3.5 
10 78.5 +/- 0.1 65.9 +/- 1.6 217.5 +/- 3.5 
 
 A similar trend in general was observed between CTE and filler content is 
observed above 𝑇. The 𝛼@ data collected for each silica-filled epoxy nanocomposite 
system agrees with the 𝛼@ data obtained by Dittanet and Pearson for silica-filled epoxy 
nanocomposites containing 23-170 nm organosilane-treated silica nanoparticles [4]. 
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However, the 𝛼4 measurements are approximately 30 ppm/°C higher than those found 
by Dittanet and Pearson in their silica-filled epoxy nanocomposites. It can be concluded 
that the surface treatments used in this study do not significantly after the CTE of silica-
filled epoxy nanocomposites below 𝑇.  
 Modeling the CTE of polymer-based composites, particularly below 𝑇, is 
critical to anticipating the utility of these materials for industrial applications. Various 
models have been developed for modeling CTE [20]. Here, three models are used to 
generate anticipated CTE values for each silica-filled epoxy nanocomposite. The 
anticipated CTE values are then compared with the measured CTE values obtained by 
thermomechanical analysis.  
 First, a rule of mixtures (ROM) model [21] is applied, where the individual 
CTE’s of the filler and matrix phases are weighted by the concentration of each phase 
in the composite. The ROM model anticipates the CTE of a composite to be expressed 
as:  𝛼D = 	𝑉g𝛼g +	𝑉?𝛼?																																																																			(5) 
where 𝛼D, 𝛼g, 𝛼? are the CTE’s of the composite, matrix and filler, respectively, with 𝑉g and 𝑉? are the volume fraction of matrix and filler. Besides the CTE values of each 
phase, the ROM approach does not take into account any other materials properties and 
also ignores filler-matrix interactions.  
 Secondly, a modified ROM approach, proposed by Turner, is used, wherein the 
bulk modulus of the filler and matrix phases are incorporated into the ROM model [22]. 
Turner’s model anticipates the CTE of a composite to be expressed as:  
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𝛼D = 	𝐾g𝑉g𝛼g +	𝐾?𝑉?𝛼?		𝐾g𝑉g +	𝐾?𝑉? 																																																																	(6) 
where 𝐾g and 𝐾? are the bulk modulus of the matrix and filler, respectively.  
 Finally, the Vo et al. model is used, which takes into account filler-matrix 
interactions [23]. The Vo et al. model expresses the CTE of a composite as:  
𝛼D = 	 1		1 +	𝐾0𝑉?𝑉g 𝑉?𝛼? +	𝑉g𝛼g +	𝐾0𝑉?𝑉g 𝛼g +	𝛼? 	+	𝐾0𝑉?𝑉g𝐾@	 																		(7) 
where 𝐾0 is a unit less factor which reflects the strength of the filler-matrix interaction 
and 𝐾@ is a unit less measure of the temperature dependence of 𝐾0. 𝐾0 may be greater 
than or equal to zero. As 𝐾0 approaches zero, filler-matrix interactions become 
negligible. The larger the value of 𝐾0, the stronger anticipated interaction between the 
filler and the matrix. Additionally as shown in Figure 10, as 𝐾0 increases the relationship 
between 𝛼D and filler content will become more non-linear. 𝐾@ can be either negative or 
positive. The Vo et al. model will anticipate lower values of CTE compared to the ROM 
model if 𝐾@ is negative and conversely anticipate higher values of CTE, compared to 
the ROM model, if 𝐾@ is positive. 
 
Figure 10. The effect of different K_0 values on the anticipated composite CTE based 
on the Vo et al. model [23].   
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 Table 8 summarizes the input parameters used during CTE modeling and Table 
9 reports the 𝐾0 and 𝐾@ values established for each type of silica nanoparticle. Figures 
11 and 12 show a comparison of the measured CTE below and above 𝑇 for each type 
of silica-filled epoxy nanocomposite and the anticipated values based on the ROM, 
Turner, and Vo et al. models.  
 As shown in Figure 11, the ROM approach overestimates the CTE below 𝑇 for 
each type of silica-filled epoxy nanocomposite. Furthermore, the ROM approach can 
not accurately depict the initial drop in CTE at lower filler content. Since potential filler-
matrix interactions are ignored, the ROM model is limited by an anticipated linear 
relationship between CTE and filler content. The ROM approach as yielded 
overestimated CTE values for other types of silica-filled epoxy systems as well [4, 23]. 
 
Figure 11. Comparison between measured CTE below 𝑇 and anticipated values based 
on the ROM [21], Turner [22], and Vo et al. [23] models for silica-filled epoxy 
nanocomposites containing: A) non-treated (N) silica, B) A-treated silica, C) B-treated 
silica, and D) C-treated silica.   
0
15
30
45
60
75
90
0% 2% 4% 6% 8% 10%
C
TE
 (p
pm
/
)
Filler Content (%)
Measured (A-Treated 50 nm)
ROM 
Vo 
Turner
0
15
30
45
60
75
90
0% 2% 4% 6% 8% 10%
C
TE
 (p
pm
/
)
Filler Content (%)
Measured (Non-Treated 50 nm)
ROM 
Vo 
Turner
0
15
30
45
60
75
90
0% 2% 4% 6% 8% 10%
C
TE
 (p
pm
/
)
Filler Content (%)
Measured (B-Treated 50 nm)
ROM 
Vo 
Turner
0
15
30
45
60
75
90
0% 2% 4% 6% 8% 10%
C
TE
 (p
pm
/
)
Filler Content (%)
Measured (C-Treated 50 nm)
ROM 
Vo 
Turner
A
C
B
D
 130 
 The Turner model better approximates the non-linear relationship between CTE 
below 𝑇 and filler content but underestimates CTE as compared to the measured data. 
The Turner model is dominated by the large difference between the bulk modulus of the 
filler as compared to the bulk modulus of the matrix (Table 8). Therefore, the Turner 
model anticipates that the CTE of the nanocomposites will trend exponentially towards 
the CTE of the filler, which is much lower than the CTE of the matrix (Table 8). 
Table 8. Input parameters used for CTE modeling. 
Parameter Symbol Value Reference 
Bulk Modulus of Epoxy Matrix 𝐾g 5.23 GPa [4] 
Bulk Modulus of Silica Nanoparticles 𝐾? 35.35 GPa [4] 
CTE of Epoxy Matrix Below 𝑇 𝛼g 83.5 ppm/°C Measured 
CTE of Epoxy Matrix Above 𝑇 𝛼g 223.5 ppm/°C Measured  
CTE of silica particles  𝛼? 0.55 ppm/°C [19] 
 
 The best agreement between the measured and modeled CTE below 𝑇 was 
obtained with the Vo et al. model. The Vo et al. model was able to accurately account 
for the non-linear relationship between composite CTE and filler content for each type 
of silica-filled epoxy nanocomposite. As shown in Table 9, different values of  𝐾0 were 
established for each type of treated-silica nanoparticle, however, the same value of 𝐾@, 
-23, was used during modeling. The value of 𝐾@ is negative which accurately interprets 
the lower measured values of CTE as compared with the ROM model. In addition, since 
the measured CTE data for each silica-filled epoxy nanocomposite follow a similar 
trend, it is assumed that the temperature dependence of the 𝐾0 values would also be 
similar. The values of 𝐾0 range from 12 – 25. Although, the absolute 𝐾0 values are 
difficult to interpret, the differences between the 𝐾0 values for each type of treated-silica 
may articulate the relative filler-matrix interactions. The Vo et al. model anticipates that 
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filler-matrix interactions are strongest between the C-treated silica nanoparticles and the 
epoxy matrix. The weakest interaction is anticipated to be between the B-treated silica 
nanoparticles and the epoxy matrix. 
Table 9. Input parameters established for each filler in the Vo et al. model. 
Filler 𝐾i 𝐾@ 
Non-Treated Silica 15 -23 
A-Treated Silica 18 -23 
B-Treated Silica 12 -23 
C-Treated Silica 25 -23 
 
 Significant disagreement was obtained between the anticipated and measured 
CTE above 𝑇 for each type of silica-filled epoxy nanocomposite. The ROM model 
provided the closest approximation of the measured data. Dittanet and Pearson showed 
similar agreement between the ROM approach and CTE above 𝑇 for their silica-filled 
epoxy nanocomposites [4]. As the CTE of the epoxy matrix is significantly larger above 𝑇 then below, the Turner model further underestimates the measured data by favoring 
an exponential decline towards the CTE of the filler. Using the same 𝐾0 and 𝐾@ values 
from Table 8, yields that the Vo et al. model also underestimates the CTE for each type 
of silica-filled epoxy nanocomposite. The Vo et al. model is intended to be used for 
determining CTE below 𝑇 [23]. Above 𝑇, the Vo et al. model approaches the ROM 
model as 𝐾0 goes to zero. However, intuitively, the values used for 𝐾0 should not change 
above and below 𝑇. 
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Figure 12. Comparison between measured CTE above 𝑇 and anticipated values based 
on the ROM [21], Turner [22], and Vo et al. [23] models for silica-filled epoxy 
nanocomposites containing: A) non-treated (N) silica, B) A-treated silica, C) B-treated 
silica, and D) C-treated silica.  
 
3.3.5 Mechanical Characterization of Cured Nanocomposites 
 
 Dynamic mechanical analysis (DMA) of silica-filled epoxy nanocomposites 
containing 10 vol% of each type of treated-silica reveals that the storage modulus 
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silica-filled epoxy nanocomposites overlap and plateau in the rubbery state at a lower 
modulus than the 10 vol% non-treated (N) silica-filled epoxy nanocomposite. 
 
Figure 13. Comparison of storage modulus as a function of temperature for the 
unmodified epoxy and each 10 vol% silica-filled epoxy nanocomposite. 
 
Typically, differences in the storage modulus plateau in the rubbery state are 
associated with differences in crosslink density of epoxy-based materials. The number 
average molecular weight between crosslinks in the epoxy matrix may be calculated 
based on the theory of rubber elasticity [24]:  
𝑀D 	= 	𝑞𝜌𝑅𝑇𝐺~ 																																																																(8) 
where 𝑀D is the number average molecular weight between crosslinks in the epoxy 
matrix, 𝑞 is the front factor, 𝑅 is the universal gas constant, 𝑇 is the temperature, 𝜌 is 
the density at temperature 𝑇 and 𝐺~ is the storage modulus of the epoxy in the rubbery 
state at temperature 𝑇. The front factor, 𝑞, was assumed to be equal to 1 and the 
temperature 𝑇 was set to 50 °C higher than the glass transition temperature, 
approximately 130 °C. The density at 130 °C was estimated based the CTE values 
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obtained in Table 7. 𝐺~ for the unmodified epoxy was obtained directly from Figure 13. 
For the filled-systems, 𝐺~ was estimated using the Halpin-Tsai model [25] where:  
𝐺D 	= 	1	 + 	𝜉𝜂𝑉?	1 − 	𝜂𝑉? 𝐺g		𝑤𝑖𝑡ℎ	𝜂	 = 	 𝐺?𝐺g − 	1𝐺?𝐺g + 		𝜉 																																				(9)	 
where 𝐺D, 𝐺?, and 𝐺g (i.e. 𝐺~) are the modulus of the composite, filler and matrix, 
respectively, 𝜉 is the shape factor of the filler and is equal to 2 for spherical particles, 𝑉? is the volume fraction of filler. The shear modulus of the silica nanoparticles was 
assumed to be 30 GPa based on previous studies [4, 26]. 𝐺D was determined from Figure 
13. 
 Table 10 shows the 𝑀D values for the unmodified epoxy and the 10 vol% cured 
silica-filled epoxy nanocomposites containing each type of silica. No significant 
difference in 𝑀D was observed between the unmodified epoxy and the 10 vol% silica-
filled epoxy nanocomposites containing non-treated (N), A-treated, and C-treated silica 
nanoparticles. However, the presence of the B-treated silica nanoparticles significantly 
reduced 𝑀D as compared to the unmodified epoxy. Overall, the calculated 𝑀D values 
ranged from 752-1327 and are lower than the value of 1536 g/mol obtained by Liang 
and Pearson for the same unmodified epoxy system [2].  
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Table 10. Calculated number average molecular weight between crosslinks in the epoxy 
matrix for each DMA sample. 
DMA Sample 
Volume  
Expansion 
(¡¢	£0℃40℃ ) 
𝜌¡¢	£0℃ 
(g/cm3) 
𝐺D 
(MPa) 
𝐺~ 
(MPa) 
𝑀D 
(g/mol) 
None (Unmodified Epoxy) 4.2% 1.12 2.98 2.98 1257 
10 vol% Non-Treated 4.0% 1.29 4.87 3.95 1091 
10 vol% A-Treated 4.3% 1.25 4.07 3.29 1274 
10 vol% B-Treated 4.4% 1.28 7.18 5.91 724 
10 vol% C-Treated 4.5% 1.25 4.03 3.29 1267 
 
As shown in Figure 14, there is no appreciable difference in tan δ as a function 
of temperature for the unmodified epoxy and each of the 10 vol% silica-filled epoxy 
nanocomposites. Consequently, no significant shift in 𝑇 (measured as the peak in tan δ 
via DMA) is observed.  
 
Figure 14. Comparison of tan δ as a function of temperature for the unmodified epoxy 
and each 10 vol% silica-filled epoxy nanocomposite. 
 
The addition of up to 10 vol% of each type of treated-silica did not alter the 
compressive yield stress with respect to the compressive yield stress of the cured 
unmodified epoxy. As shown in Table 11, the average compressive yield stress of the 
unmodified epoxy is 94.3 +/- 0.3 MPa. The average compressive yield stress for the 
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silica-filled epoxy nanocomposites is within +/- 5 MPa of the compressive yield stress 
of the unmodified epoxy. Similar yield stress behavior for silica-filled epoxy 
nanocomposites has been reported recently by many researchers [e.g. 2, 4, 26]. The 
compressive yield stress measurements suggest that the surface treatments used in this 
study do not allow for sufficient stress transfer between the silica nanoparticles and the 
epoxy matrix, therefore the filler-matrix interaction is relatively weak. Jumahat et al. 
showed that while yield stress values remain constant with particle loading, post-
yielding the inclusion of silica nanoparticles does not obstruct strain-softening behavior 
and may promote additional mechanisms of energy dissipation prior to failure [26]. If 
the adhesion between an inorganic filler and the epoxy matrix is improved, then 
increases in yield stress as a function of particle loading are conceivable. For micron-
scale fillers, Kawaguchi and Pearson reported improved yield stress behavior as a 
function of particle loading when 42 µm diameter silica particles were surface-treated 
with adhesion promoters [5]. 
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Table 11. Measured mechanical properties of each silica-filled epoxy nanocomposite. 
Filler Nominal 
Filler Content 
(vol%) 
σy (MPa) KIC (MPa⋅m1/2) GIC (J/m
2) 
Unmodified 
Epoxy 
0 94.3 +/- 0.3 0.85 +/- 0.02 255 +/- 14 
Non-Treated 
Silica 
Nanoparticles 
2.5 95.4 +/- 1.4  1.54 +/- 0.02  865 +/- 29 
5 93.5 +/- 0.6 1.84 +/- 0.04 1154 +/- 51 
7.5 95.1 +/- 1.0  1.94 +/- 0.06 1273 +/- 64 
10 95.3 +/- 0.6 2.17 +/- 0.04 1466 +/- 56 
A-Treated 
Silica 
Nanoparticles 
2.5 90.0 +/- 2.6 1.58 +/- 0.02   951 +/- 48 
5 89.4 +/- 2.4 1.84 +/- 0.04 1259 +/- 25 
7.5 97.7 +/- 0.3 2.17 +/- 0.04 1548 +/- 86 
10 96.7 +/- 0.5 2.38 +/- 0.02 1885 +/- 57 
B-Treated 
Silica 
Nanoparticles 
2.5 93.4 +/- 1.0 1.49 +/- 0.03 869 +/- 27 
5 94.1 +/- 0.4 1.49 +/- 0.03 840 +/- 22 
7.5  96.4 +/- 0.7 1.50 +/- 0.03 861 +/- 55 
10 96.4 +/- 1.2 1.50 +/- 0.03 847 +/- 27 
C-Treated 
Silica 
Nanoparticles 
2.5 96.9 +/- 0.4 1.66 +/- 0.04 1034 +/- 63 
5 96.0 +/- 0.6   1.83 +/- 0.05 1363 +/- 76 
7.5 98.3 +/- 0.2 2.10 +/- 0.03 1552 +/- 102 
10 96.7 +/- 0.7 2.28 +/- 0.02 1785 +/- 134 
 
 The fracture toughness (KIC) of the silica-filled epoxy nanocomposites is 
significantly influenced by the type of treated-silica incorporated into the epoxy matrix. 
In the cured unmodified epoxy, KIC was measured as 0.85 +/- 0.02 MPa⋅m1/2 (Table 11). 
The addition of 2.5 vol% of each type of treated- silica resulted in fracture toughnesses 
ranging between 1.49 – 1.66 MPa⋅m1/2. However, fracture toughness did not improve 
with increasing silica content for each silica-filled epoxy nanocomposite. The inclusion 
of more B-treated silica nanoparticles did not yield higher fracture toughness. The 
fracture toughness of the B-treated silica-filled epoxy nanocomposites was 
approximately 1.50 MPa⋅m1/2 regardless of silica content (2.5vol% - 10 vol%). The use 
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of every other type of silica lead to increasing fracture toughness with silica content, 
including the non-treated (N) silica which produced increasing fracture toughness, 
ultimately reaching 2.17 +/- 0.04 MPa⋅m1/2 at 10 vol% concentration. The A-treated and 
C-treated silica nanoparticles reached the fracture toughness attained by 10 vol% of 
non-treated (N) silica, albeit at concentrations of 7.5 vol%, respectively. The C-treated 
silica-filled epoxy nanocomposites reached 2.28 +/- 0.02 MPa⋅m1/2 at 10 vol% 
concentration. The highest fracture toughness was attained with the A-treated silica 
which reached 2.38 +/- 0.02 MPa⋅m1/2 at 10 vol% concentration. 
As shown in Figure 15, the non-treated (N), A-treated, and C-treated silica-filled 
epoxy nanocomposites show varying degrees of logarithmic improvement in fracture 
toughness with silica content. The general trend of a logarithmic improvement in 
fracture toughness for silica-filled epoxy nanocomposites has been observed previously 
[e.g. 1-4]. The KIC values obtained for the non-treated (N) silica-filled epoxy 
nanocomposites agree with the KIC measurements reported by Liang and Pearson for 80 
nm silica-filled epoxy nanocomposites [2] and by Dittanet and Pearson for 23nm, 74 
nm and 170 nm silica-filled epoxy nanocomposites [4]. The A-treated and C-treated 
silica-filled epoxy nanocomposites also agree with the previously collected data 
although, the fracture toughness of both types of treated-silica at 10 vol% better match 
the fracture toughness’s attained between 10-15 vol% in the previous studies [2,4]. The 
data suggests that favorable filler-matrix interaction may incrementally improve 
fracture toughness, for instance, requiring slightly lower filler content for achieving a 
given level of fracture toughness. However, unfavorable filler-matrix interaction, such 
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as with the use of B-treated silica nanoparticles, can lead to a catastrophic decline in 
fracture toughness. Dittanet and Pearson proposed that fracture toughness is 
independent of particle size for silica nanoparticle fillers ranging from 20 nm – 200 nm 
[4]. The current data reveals that their assertion is primarily applicable to silica-filled 
epoxy nanocomposites with favorable filler-matrix interactions.  
 
Figure 15. Fracture toughness as a function of filler content for each type of silica-filled 
epoxy nanocomposite. 
 
 The change in fracture energy (GIC) for each type of silica-filled epoxy 
nanocomposite is shown in Figure 16. The addition of 2.5 vol% of each type of treated-
silica improves GIC from 255 J/m2 for the unmodified epoxy to approximately 850 – 
1050 J/m2. The fracture energy of the B-treated silica-filled epoxy nanocomposites is 
fairly constant between 2.5 and 10 vol%. Each of the other silica-filled epoxy 
nanocomposites attain higher fracture energy with increasing silica content. Both Liang 
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and Pearson [2] and Dittanet and Pearson [4] have shown increases in estimated GIC 
values with filler content for silica-filled epoxy nanocomposites.  However, the 
measured GIC values obtained here show that fracture energy can be significantly 
influenced by variations in silica surface treatment, which ultimate impacts particle 
content, dispersion and the effectiveness of the underlying toughening mechanisms 
employed by these systems. 
 
Figure 16. Fracture energy as a of function filler content for each type of silica-filled 
epoxy nanocomposite. 
 
3.3.6 Fractography of Nanocomposites 
 
3.3.6.1 Evidence of Particle Debonding & Void Growth 
 
Figures 17-32 show SEM images taken as a function of distance away from the 
crack tip for the 2.5 vol%, 5 vol%, 7.5 vol% and 10 vol% concentrations of each type 
of silica-filled epoxy nanocomposite. Certain characteristics are shared between the 
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SEM images. In general, the fracture surfaces of each nanocomposite appear to be 
rougher in the areas closer to the crack tip than the areas further away. The rougher areas 
seem to correspond to the presence of toughening mechanisms which are initiated and 
localized within the first ~100 µm ahead of the crack tip. At distances greater than ~500 
µm away from the crack tip fast fracture dominates and consequently the surfaces 
appear smoother. The transition from a rougher to a smoother surface occurs further 
away from the crack tip with increasing filler content. Furthermore, significant 
interactions between microcracks and agglomerates are readily observed. In each 
nanocomposite, microcracking between particles at the nanoscale and micron-scale is 
observed. In addition, particle debonding, associated with either void growth prior to 
crack propagation or resulting from crack-filler interactions after crack propagation, is 
found near the crack tips of each type of silica-filled epoxy nanocomposite.  
The SEM images of the non-treated (N) silica-filled epoxy nanocomposites 
(Figures 17-20) shows that the presence of micron-scale agglomerates can significantly 
alter the direction of microcracks. Thereafter, the path of the crack has a tremendous 
affect on the shape of the voids left by debonded particles on the fracture surface. On 
the fracture surfaces of the A-treated silica-filed epoxy nanocomposites (Figures 21-24) 
and the C-treated silica-filled epoxy nanocomposites (Figures 29-32) microcracking 
between particles is readily observed. In addition, voided particles are observed in the 
areas closest to the crack tips at each filler concentration. The fracture surfaces of the 
B-treated silica-filled epoxy nanocomposites (Figures 25-28) show considerable 
micron-scale agglomeration. Microcracking is observed around, between and through 
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micron-scale agglomerates. These features suggest that while the B-treated silica favor 
particle-particle interactions, these interactions are relatively weak and result in 
agglomerates that do not act coherently.  Furthermore, some of the micron-scale 
agglomerates suggest a core-shell structure which most likely consists of an epoxy-rich 
core that is surrounded by B-treated silica nanoparticles. 
 
Figure 17. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 18. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 19. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 20. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 21. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 22. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 23. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown.  
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Figure 24. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 25. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm B-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 26. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm B-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 27. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm B-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 28. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm B-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 29. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm C-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 30. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm C-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 31. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm C-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 32. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm C-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
 
Using the same criteria as established in Chapter 2, the SEM images in Figures 
17-32 were analyzed to determine the fraction of particles contributing to a void growth 
toughening mechanism which occurs prior to crack propagation. The fraction of 
particles on each SEM image which meet the criteria for void growth is determined by:   𝑓 = 	 𝑛𝑛 + 𝑛 																																																											(10) 
where 𝑛 is the number of voids left on the fracture surface that meet the criteria for 
void growth and 𝑛 is the number of well-bonded filler particles present in each SEM 
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image. Figures 33-36, show the running average of 𝑓 as a function of distance away 
from the crack tip for each type of silica-filled epoxy nanocomposite.  
There is a clear distinction between 𝑓 based on the type of filler incorporated 
into the epoxy matrix. In the nanocomposites which show more particle agglomeration 
(e.g. the non-treated (N) silica and B-treated silica-filled systems) 𝑓 is significantly 
lower than the nanocomposites which consist primarily of individual nanoparticles (e.g. 
the A-treated and C-treated silica-filled systems). The running average 𝑓 is below 5% 
for the non-treated (N) and B-treated silica-filled epoxy nanocomposites. In contrast, 𝑓 for the A-treated and C-treated silica-filled epoxy nanocomposites varies widely 
with filler content, ranging from 3% to 25%. On the majority of nanocomposites, 𝑓 
did not reach a maximum at the crack tip (within the first 5 microns) but all 
nanocomposites do reach a peak within the first 50 µm ahead of the crack tip. In 
addition, 𝑓 does change with filler content but a consistent trend can not be identified. 
The distribution of nanoscale and micron-scale agglomerates may significantly impact 
the measured 𝑓 and therefore the trend between 𝑓 and filler content is not as clearly 
observed as in Chapter 2.  
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Figure 33. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm non-treated (N) silica-filled epoxy nanocomposites. The 
inset graph highlights the data for the first 150 µm ahead of the crack tip. 
 
 
Figure 34. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm A-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
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Figure 35. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm B-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
 
 
Figure 36. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm C-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip.   
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 The diameters of voids which met the established criteria for 𝑓 were measured 
from the SEM images in Figures 17-32. Overall, the void diameter measurements were 
independent of filler content. The number average void diameter for the non-treated 
silica nanoparticles is 79 nm +/- 20 nm which represents void growth of approximately 
29% relative to the number average particle size on the non-treated (N) silica. The 
number average void diameter for the A-treated silica nanoparticles is 71 nm +/- 16 nm 
(30% void growth). Similarly, the number average void diameter for the C-treated silica 
nanoparticles is 70 nm +/- 12 nm (34% void growth). The smallest void growth, 
approximately 6%, was observed for B-treated silica nanoparticles with number average 
void diameter of 62 nm +/- 13 nm. The void growth observed in these systems is 
significantly lower than the ~45% void growth observed previous in literature for silica-
filled epoxy nanocomposites [1-4]. The presence of nanoscale and micron-scale 
agglomerates may significantly restrict matrix plasticity and therefore contribute to 
lower than expected void growth. 
3.3.6.2 Evidence of Matrix Shear Banding 
 
Figures 37-41 show TOM images under bright field and cross-polarized light for 
the cured unmodified epoxy and each type of treated silica-filled epoxy nanocomposites 
containing 2.5 vol%, 5 vol% and 10 vol% of filler. Each image in Figures 37-41 shows 
the cross section of a fractured sample. The fracture surface is designated by the line in 
the middle of each image. The sample subsurface is shown in the lower-half of each 
image. Subsurface damage was found in the areas just ahead of the crack tip. The dark 
bands in the bright field TOM images (left side of Figures 38-41) have been attributed 
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to dilation bands [2,4], microcracks [27, 28], and microshear bands [29, 30]. In Chapter 
2, evidence was provided for interpreting these features as microcracks.  
The bright birefringent regions in the cross-polarized TOM images have been 
attributed to matrix shear banding by many researchers [e.g. 2-4]. When a load is applied 
to a matrix that is filled with rigid particles, stress concentrations arise due to the 
modulus mismatch between the two phases [31]. Near the crack tip, triaxial tensile 
stresses promote particle-matrix debonding. The debonding process absorbs little 
energy compared to the plastic deformation of the matrix. However, debonding is 
essential because it reduces the triaxial constraint at the crack tip and allows the matrix 
to deform plastically via a void growth mechanism [1]. Matrix void growth alleviates 
the degree of triaxial stress within the matrix. Additionally, the change in stress state 
near the crack tip facilitates matrix shear yielding and the local interaction of stress 
fields gives rise to shear bands. Shear bands form at ~45° to the applied stress and their 
growth is driven by the incremental reduction in stress in the matrix.  
The size of the plastic zone increases with increasing filler content each type of 
silica-filled epoxy nanocomposites expect for those containing B-treated silica 
nanoparticles. The size of the plastic zone is measured as a function of depth into the 
sample from the fracture surface. As shown in Figure 40, the size of the plastic zone 
was nearly constant for both the 2.5 vol% and 5 vol% B-treated silica-filled epoxy 
nanocomposites. Although, a suitable TOM sample for the 10 vol% system was not 
obtained, the size of plastic zone is expected to remain constant, particularly given the 
constant fracture toughness measured with increasing filler content for the B-treated 
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silica-filled epoxy nanocomposites. It is plausible that the presence and distribution of 
micron-scale agglomerates may hinder the formation of shear bands. 
The measured depth of the plastic zone can be compared to the radius of the 
plastic zone predicted by Irwin’s model [32]. Assuming linear elastic fracture mechanics 
(LEFM) and under plane-strain conditions, the predicted radius of the plastic zone is 
defined as follows: 
𝑟A = 	 16𝜋 𝐾GT𝜎N 4 																																																												(11) 
where 𝑟A is the radius of the plastic zone, 𝐾GT  is the plane-strain fracture toughness, and 𝜎N is the yield stress in tension which was obtained by taking 0.7 times the measured 
compressive yield stress as outlined in ASTM D5045 [13]. Figure 42A shows a 
comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone by Irwin’s Model. Overall, the measured values were lower than the 
predicted values. The slopes of the linear fit of the data in Figure 42A ranged from 0.59 
to 0.76, which are lower than the slopes ranging from .76 to .89 obtained by Dittanet 
and Pearson for the silica-filled epoxy nanocomposites containing 23-170 nm particles 
[4].  Only the C-treated systems approached the values previously found by Dittanet and 
Pearson. The B-treated systems were excluded from analysis because no increase in 
plastic zone size was found as a function of filler content. In Figure 42B, the measured 
depth of the plastic zone is plotted against the (KIC/σy)2 component of Equation 11. A 
linear fit of the data in Figure 42B yields slopes ranging from 0.032 to 0.040 which are 
lower than the predicted slope form Irwin’s model which is 1/6π or 0.053. In addition, 
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the measured slopes are slightly lower than the slope of 0.045 reported by Liang and 
Pearson for 80 nm silica particles [2], the slope of 0.047 reported Dittanet and Pearson 
for 170 nm silica particles [4], and the slope of 0.046 obtained in Chapter 1 for 100 nm 
silica particles. The presence of agglomeration in each of the systems studied in this 
chapter may account for the lower than expected slopes obtained from both graphs in 
Figure 42. The agglomerates may hinder the formation or propagation of shear bands 
within the matrix.  
 Similar to the observations in Chapter 2, the Irwin model does not reflect the 
elliptical shape of the plastic zones observed in the cross-polarized TOM images. The 
Irwin model predicts a circular plastic zone. In this study, the length of the plastic zones, 
in the direction parallel to the fracture surface, expands with increasing filler content. 
The evidence of appreciable running-average measurements of 𝑓 in the regions further 
away from the crack tip (Figures 33-36) may support the formation of shear bands in 
those same regions. Consequently, the length of the plastic zone, in the direction parallel 
to the fracture surface would extend further away from the crack tip.  
 
Figure 37. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the cured unmodified epoxy: A) under bright field and B) cross-polarized 
light. The crack direction is left to right for each image. 
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Figure 38. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the non-treated (N) silica-filled epoxy nanocomposites: under bright field (A, 
C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
 
 166 
 
Figure 39. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the A-treated silica-filled epoxy nanocomposites: under bright field (A, C, E) 
and cross-polarized light (B, D, F). The crack direction is left to right for each image. 
 
 
Figure 40. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the B-treated silica-filled epoxy nanocomposites: under bright field (A, C) 
and cross-polarized light (B, D). The crack direction is left to right for each image. 
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Figure 41. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the C-treated silica-filled epoxy nanocomposites: under bright field (A, C, E) 
and cross-polarized light (B, D, F). The crack direction is left to right for each image. 
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Figure 42. Plastic zone analysis for each silica-filled epoxy nanocomposite: A) 
Comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone based on Irwin’s Model and B) Plot of the measured depth of the plastic 
zone versus (KIC/σy)2. The dashed lines in both plots are the linear fit of the data for 
each system.  
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3.3.6.3 Evidence of Microcracking 
 
 Microcracking due to crack-filler interactions is readily observed on the fracture 
surfaces for each type of silica-filled epoxy nanocomposite (Figures 17-32). Various 
features on the fracture surfaces suggest crack bifurcation when the crack interacts with 
agglomerates and nanoparticles. Figure 43 shows some examples of microcracking in 
the regions ahead of the crack tip from some of the silica-filled epoxy nanocomposites.  
The arrows in Figure 43A show the bifurcation of the crack as it transverses a 
micron-scale agglomerate on the fracture surface of the 5 vol% 50 nm non-treated (N) 
silica-filled epoxy nanocomposite. The circles in Figure 43A show the propagation of 
secondary microcracks as the main crack front moves past the agglomerate. In Figure 
43B, analogous features are found for both nanoscale agglomerates and individual 
nanoparticles on the fracture surface of the 5 vol% 50 nm A-treated silica-filled epoxy 
nanocomposites. In addition, some of the circles in Figures 43B highlight voids left by 
out-of-plane (relative to the fracture surface) crack-filler interactions. In Figure 43C, 
crack bifurcation is observed at both the nanoscale and the micron-scale. Furthermore, 
intra-agglomerate cracking is observed in the 10 vol% B-treated silica-filled epoxy 
nanocomposite. Finally, in Figure 43D, recombination of secondary microcracks is 
observed. As the microcracks interact with filler particles, the total crack length traveled 
by the crack front increases. Therefore, subcritical crack growth by the formation of 
microcracks is an additional toughening mechanism employed by silica-filled epoxy 
nanocomposites. 
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Figure 43. SEM images of fracture surface from the regions ahead of the crack tip 
highlighting microcracking features found on silica-filled epoxy nanocomposites 
containing: A) 5 vol% non-treated (N) silica, B) 5 vol% A-treated silica, C) 10 vol% B-
treated silica, and D) 7.5 vol% C-treated silica. The crack direction in each image is 
north to south. 
 
 The dark bands found on the bright field TOM images (Figures 38-41) are also 
evidence of microcracks propagating ahead of the crack tip. Similar to the procedure 
outlined in Chapter 2, TOM samples containing 10 vol% of A-treated and C-treated 
silica were annealed for 1 hour at 100 °C. Figure 44 shows the bright field and cross-
polarized TOM images of the silica-filled epoxy nanocomposites after the samples were 
allowed to cool to room temperature. Similar to the after-annealed samples imaged in 
Chapter 2, it was difficult to find microcracks using optical microscopy. However, after 
carefully adjusting the optical focus, the microcracks are shown to still be present in the 
samples. The arrows in each bright field TOM images (Figure 44) highlight the 
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microcracks. Upon annealing, the microcracks begin to close and the gaps between the 
microcrack surfaces enters the nanoscale. Previous studies have shown that crack 
closure occurs in epoxies with sufficient time spent above the glass transition 
temperature [33-34]. The presence of micro-scale agglomerates within the samples and 
polishing artifacts around the samples further complicates the imaging of the annealed 
samples through optical microscopy. Another important observation from the TOM 
images in Figure 44 is found from the absence of birefringence in the cross-polarized 
TOM images. The plastic deformation, observed in the samples prior to annealing 
(Figures 39 and 41), caused by the formation of matrix shear bands was completely 
recovered after the annealing treatment.  
 
Figure 44. TOM images under bright field (left side) and cross-polarized light (right 
side) of the subsurface damage ahead of the crack tip on the fracture surface of each 
system after annealing: 10 vol% A-treated silica-filled epoxy nanocomposite (A & B) 
and 10 vol% C-treated silica-filled epoxy nanocomposite (C & D). The crack direction 
is left to right for each image. The arrows depict the presence of microcracks. 
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3.3.7 Contribution of Toughening Mechanisms 
 
 Attempts at modeling the contribution of toughening mechanisms to the overall 
fracture energy in silica-filled epoxy nanocomposites take their roots from early efforts 
by Evans et al. [35] and Huang and Kinloch [36] on rubber-toughened polymers. Huang 
and Kinloch proposed that the fracture energy of particle-filled epoxies may be 
represented as:  𝐺GD = 	𝐺GD + 	Ψ																																																																			(12) 
where the fracture energy of the filled epoxy, 𝐺GD, is equivalent to the sum of the fracture 
energy of the unmodified epoxy (i.e. the matrix), 𝐺GD, and the toughening contributions, Ψ, that arise due to particle loading. Previous studies on the fracture behavior of silica-
filled epoxy nanocomposites have only accounted for two toughening mechanisms: 
particle debonding with subsequent void growth and matrix shear banding. However, in 
this study, we have found evidence for three toughening mechanisms: debonding with 
subsequent void growth, matrix shearbanding and matrix microcracking. Therefore, the 
total toughening contributions, Ψ, is expressed as: Ψ =	Δ𝐺 + Δ𝐺; 	+ Δ𝐺gD																																																				(13) 
Where Δ𝐺, Δ𝐺; and, Δ𝐺gD are the energy contributions from particle debonding with 
subsequent void growth, matrix shear banding and microcracking, respectively. The 
expressions for Δ𝐺 and Δ𝐺; are based on the Huang and Kinloch model. The expression 
for Δ𝐺gD is based on the microcracking model developed by Gao and Wang [37].   
In the Huang and Kinloch model, the energy contribution from particle 
debonding with subsequent void growth is expressed as: 
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Δ𝐺 = 1 − 𝜇g43 𝑉? − 𝑉?~ 𝐾g4𝜎ND𝑟N																																							(14) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
epoxy, 𝑉? is the volume fraction of voids, 𝑉?~ is the volume fraction of particles, 𝐾g 
is the maximum stress concentration factor of the von Mises stress in the epoxy matrix, 𝜎ND is the compressive yield stress, and 𝑟N is the radius of the plastic zone. The values 
of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 2.22, respectively 
[36, 38]. The values of 𝜎ND and 𝑟N for each system were measured in this study. Finally, 
the 𝑉? − 𝑉?~  parameter was obtained using the relation developed by Liang and 
Pearson [2]: 
𝑉? − 𝑉?~ = 	 𝑣𝑣 +	𝑣g − 𝑣A𝑣A +	𝑣g 																																								(15) 
where 𝑣 is the volume of voids, 𝑣A is the volume of particles, 𝑣g is the volume of the 
matrix. The volume of voids was calculated using the average void diameter obtained 
from the SEM images in Figure 17-32. The volume of particles was calculated from the 
average particle size obtained from TEM images in Figure 6-9. The volume of matrix 
was based on thermogravimetric analysis.  
 In the Huang and Kinloch model, the energy contribution from matrix shear 
banding is expressed as: 
Δ𝐺; = 	0.5 1 + 𝜇g3 4 4𝜋3𝑉? @/` − 5435 𝐾g4	𝑉?	𝜎ND𝛾?𝑟N																												(16) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
epoxy, 𝑉? is the volume fraction of particles, 𝐾g is the maximum stress concentration 
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factor of the von Mises stress in the epoxy matrix, 𝜎ND is the compressive yield stress,  𝛾? is the shear fracture strain of the epoxy matrix and 𝑟N is the radius of the plastic zone. 
Again, the values of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 
2.22, respectively [36, 38]. The volume fraction of particles was based on by 
thermogravimetric analysis. The values of 𝜎ND and 𝑟N for each system were measured in 
this study. The value for 𝛾? was found previously to be 0.71 for epoxy [38]. Table 12 
summarizes the parameters of the cured unmodified epoxy used for modeling. Table 13 
summarizes the parameters of the silica-filled epoxy nanocomposites used for modeling. 
Table 12. Summary of the parameters of the cured neat epoxy used for fracture energy 
modeling. 
Parameter Symbol Value Reference 
Pressure dependence of the von Mises 
yield criterion for epoxy 
𝜇g 0.2 [36] 
Maximum stress concentration factor of 
the von Mises stress in the epoxy matrix 
𝐾g 2.22 [38] 
Compressive yield stress of the epoxy 
matrix 
𝜎ND 94.3 MPa Measured 
Radius of the plastic zone of the epoxy 
matrix 
𝑟N 7.7 µm Measured  
Shear fracture strain of this epoxy matrix 𝛾? 0.71 [38] 
 
Table 13. Summary of the parameters of the silica-filled epoxy nanocomposites used 
for fracture energy modeling. 
Parameter Symbol Value(s) Reference 
Volume Fraction of Silica Nanoparticles 𝑉? Range Measured 
Compressive yield stress of the silica-filled 
epoxy nanocomposites 
𝜎ND Range Measured 
Depth of the plastic zone of the silica-filled 
epoxy nanocomposites 
𝑟N Range Measured  
Average Particle Diameter   Range Measured 
Average Void Diameter  Range Measured 
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 In the Gao and Wang model [37], the energy contribution from microcracking is 
expressed as: 
Δ𝐺gD = 	2𝛾0 11 −	𝜋2 𝜌(3 − 𝜋𝜌) × 2cos 𝛽2
log 2log cos 𝛽2 −1 − 𝑝𝑎 𝜌1 −	𝜌𝜋2 1 2 (37) 
where 𝛾0 is the fracture energy of the unmodified epoxy, 𝜌 is the dimensionless density 
of microcracks, 𝛽 is the angle of branching (i.e. bifurcating) and 𝑝 𝑎 is the ratio of the 
depth of the plastic zone to the depth of the microcracks. The fracture energy of the 
unmodified epoxy (𝛾0) was measured. It is difficult to estimate the angle of branching 
from the SEM images in Figures 17-32. Therefore, 𝛽 was approximated to be 90°, 
implying that the secondary cracks produced by crack-filler interactions form 45° angles 
with the filler particles. Gao and Wang found that generally the angle of branching is 
90° or smaller [37]. The ratio of the depth of the plastic zone to the length of the 
microcracks is obtained by measuring the depth of the plastic zone from the cross-
polarized TOM images to the depth of the microcracks in the bright field TOM images. 
The density of microcracks (𝜌) is the main variable parameter in the Gao and Wang 
model. Tables 14 and 15 show the parameters used for modeling the contribution of 
microcracking to overall fracture energy for each silica-filled epoxy nanocomposite.  
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Table 14. Summary of the microcracking input parameters used for fracture energy 
modeling. 
Microcracking Parameters Symbol Value(s) Reference 
Fracture Energy of unmodified epoxy 𝛾0 255 J/m2 Measured 
Angle of Branching 𝛽 90° [37] 
Ratio of the depth of the plastic zone to the 
depth of the microcracks 
𝑝𝑎 Range Measured 
Microcrack Density 𝜌 Range Calculated  
 
Table 15. Summary of the final microcracking parameters established during fracture 
energy modeling. 
Filler Filler Content 
(vol%) 
𝑝𝑎 Microcrack Density (𝜌) 
 2.2 0.43 0.474 
N 4.5 0.75 0.412 
 7.7 0.69 0.428 
 9.6 0.70 0.434 
 2.3 0.73 0.393 
A 4.9 0.67 0.409 
7.0 0.69 0.402 
9.8 0.71 0.398 
 1.3 0.58 0.425 
B 3.2 0.68 0.394 
 6.3 0.70 0.385 
 8.9 0.72 0.378 
 2.2 0.85 0.371 
C 4.7 0.85 0.378 
 7.1 0.68 0.404 
 9.2 0.68 0.399 
 
 In Figures 45-48, the experimental fracture energy data for each type of silica-
filled epoxy nanocomposite are compared with the anticipated fracture energy based on 
analytical models from Huang & Kinloch [36], Bray et al. [39] and a proposed model 
developed in this study. Table 16 summarizes the contribution of each individual 
toughening mechanism present in each analytical model.  
 When applied to silica-filled epoxy nanocomposites, the Huang & Kinloch model 
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assumes 100% particle debonding and therefore fracture energy is modeled as:  𝐺GD = 	𝐺GD +	Δ𝐺 + Δ𝐺;																																																									(18) 
Various researchers have suggested that the contribution of Δ𝐺 should be scaled to the 
amount of particle debonding observed ahead of the crack tip [2, 4, 39]. Bray et al. have 
developed the most recent modification to the Huang & Kinloch model with fracture 
energy modeled as [39]:  𝐺GD = 	𝐺GD +	 .143Δ𝐺 + Δ𝐺;																																																					(19) 
 As shown in Figure 45-48, both the Huang & Kinloch model and the analysis by 
Bray et al. underestimate the fracture energy for the non-treated (N) silica-filled and B-
treated silica-filled epoxy nanocomposites. The effectiveness of both approaches is 
based largely on the volume fraction of silica nanoparticles present in each 
nanocomposite. As shown earlier in Table 6, the fraction of individual nanoparticles 
varies considerable between each type of treated-silica. The non-treated (N) silica-filled 
epoxy nanocomposites present the extreme condition in which at most 1% of the filler 
content is made up of individual nanoparticles. Therefore, the contributions of void 
growth and matrix shear banding are greatly suppressed and can not account for the 
increases in fracture energy found with increasing filler content in the non-treated (N) 
silica-filled epoxy nanocomposites. While individual nanoparticles are prevalent in the 
B-treated silica-filled epoxy nanocomposites, the large concentration of micron-scale 
agglomerates ultimately dominates fracture behavior.  
 As the distribution of individual nanoparticles relative to agglomerates improves, 
with the use of the A-treated and C-treated silica, both methods approach the measured 
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fracture energy. The Huang & Kinloch model anticipates higher fracture energies at 
higher filler contents than were measured for the the A-treated and C-treated silica-filled 
epoxy nanocomposites. As shown in Table 16, Δ𝐺 and Δ𝐺; increase exponentially with 
increasing filler content. Therefore, the change in fracture energy with filler content for 
both the Huang & Kinloch model and the analysis by Bray et al. also follows an 
exponential trend. In contrast, the measured fracture energy increase logarithmically 
with increasing filler content.  
 
Figure 45. Experimental fracture energy data for the non-treated (N) silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
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Figure 46. Experimental fracture energy data for the A-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
 
 
Figure 47. Experimental fracture energy data for the B-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
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Figure 48. Experimental fracture energy data for the C-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
 
Table 16. Summary of the individual contribution from each toughening mechanism 
established with analytical models from Huang & Kinloch [36], Bray et al. [39] and the 
proposed model developed in this study. 
Filler Silica 
Content 
(vol%) 
Huang & 
Kinloch (J/m2) 
Bray et al.  
(J/m2) 
This Work  
(J/m2) 
 
 
 
N 
 ∆GV ∆GS .143∆GV ∆GS fVG∆GV ∆GS (1- fVG )∆GMC 
2.2 1 6 0.07 6 0.02 6 604 
4.5 3 27 0.5 27 0.11 27 877 
7.7 8  47 1 47 0.15 47 978 
9.6 14 70 2 70 0.11 70 1141 
 2.3 129 202 18 202 1 202 500 
A 4.9 393 455 56 455 35 455 511 
7.0 779 778 111 778 58 778 463 
9.8 1265 1108 181 1108 45 1108 483 
 1.3 12 153 2 153 0.2 153 450 
B 3.2 28 245 4 245 0.1 245 349 
 6.3 50 349 7 349 0.1 349 264 
 8.9 64 400 9 400 0.2 400 197 
 2.2 212 295 30 295 2 295 478 
C 4.7 461 477 66 477 19 477 604 
 7.1 900 789 129 789 43 789 468 
 9.2 1358 1081 194 1081 82 1081 372 
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 In the current study, it is observed that particle debonding not only changes as a 
function of filler content but also as a function of distance ahead of the crack tip. 
Furthermore, evidence of microcracking ahead of the crack tip is observed. Therefore, 
the following model is proposed:  𝐺GD = 	𝐺GD +	𝑓Δ𝐺 + Δ𝐺; + 1 − 𝑓 Δ𝐺gD																															(20) 
In the proposed model, the contribution of Δ𝐺 is scaled with the fraction of particles 
contributing to void growth (𝑓). As shown in Table 17, the running-average value of 𝑓 ahead of the crack tip is determined for each silica-filled epoxy nanocomposite 
corresponding to the area starting at the crack tip and extending to the location from 
which the depth of the plastic zone was measured. In this manner, the observed elliptical 
shape of the plastic zone ahead of the crack tip is taken into account. Furthermore, it is 
assumed that all particles which are not contributing to void growth are eligible to take 
part in toughening via microcracking. Consequently, the toughening contribution from 
microcracking, Δ𝐺gD, is incorporated into the Huang and Kinloch model and is scaled 
with 1 − 𝑓 .  
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Table 17. Running average 𝑓 ahead of the crack tip for each silica-filled epoxy 
nanocomposite and the distance from the crack tip for each calculation. 
 
Filler Filler Content 
(vol%) 
𝑓 Distance from the Crack Tip (µm) 
 2.2 3.1% 60 
N 4.5 3.1% 70 
 7.7 2.0% 100 
 9.6 0.8% 130 
 2.3 0.9% 65 
75 
130 
180 
A 4.9 8.8% 
7.0 7.5% 
9.8 3.6% 
 1.3 1.4% 60 
80 
100 
120 
B 3.2 0.4% 
 6.3 0.2% 
 8.9 0.3% 
 2.2 1.1% 50 
75 
90 
100 
C 4.7 4.2% 
 7.1 4.8% 
 9.2 6.1% 
 
 As shown in Figures 45-48, the proposed model allows for better agreement 
between experimental and modeled fracture energy results as compared to the Huang 
and Kinloch model and the analysis by Bray et al. The contribution of Δ𝐺gD to the 
overall measured fracture energy is shown in Table 18. For the non-treated (N) silica-
filled epoxy nanocomposites, where the morphology was dominated by agglomerates, 
microcracking accounts for ~75% of the observed toughenablity. In each of the treated-
silica nanocomposites the contribution of microcracking decreases with increasing filler 
content. Therefore, the contribution of microcracking is more prevalent at lower filler 
contents which may account for the large increases in fracture energy observed when 
2.5 vol% of each type of treated-silica nanoparticle is added to the epoxy matrix. At 2.5 
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vol% the measured 𝑓 and depth of the plastic zone are too small for only the sum of Δ𝐺 and Δ𝐺; to account for the observed improvement in fracture energy.  
Table 18. Contribution of Δ𝐺gD to the overall measured fracture energy for each type 
of silica-filled epoxy nanocomposite. 
 
Filler Filler Content (vol%) Fractional Contribution of Microcracking in Proposed Model 
 
 
N 
 
 (1- fVG)∆GMC 
70% 
76% 
77% 
78% 
2.2 
4.5 
7.7 
9.6 
 2.3 53% 
41% 
30% 
26% 
A 4.9 
7.0 
9.8 
 1.3 52% 
42% 
31% 
23% 
B 3.2 
 6.3 
 8.9 
 2.2 46% 
44% 
30% 
21% 
C 4.7 
 7.1 
 9.2 
 
The two trends observed in Chapter 2:  decreasing 𝑝 𝑎 with increasing filler 
content and increasing microcrack density with increasing with filler content were also 
observed for the A-treated and C-treated silica-filled epoxy nanocomposites. Both 
systems contained the largest fraction of individual nanoparticles.  
 Overall, the fracture behavior improved the most in the silica-filled epoxy 
nanocomposites containing a majority of individual nanoparticles along with a small 
fraction of micron-scale agglomerates. The individual nanoparticles contribute to void 
growth which subsequently allows for matrix shear banding. The micron-scale 
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agglomerates are effective impediments to crack growth and form secondary 
microcracks. The nanoscale agglomerates do not contribute to void growth and may not 
be as effective at forming microcracks as the micron-scale agglomerates. The 
application of surface treatment “A” and “C” to the silica nanoparticles improves the 
overall concentration of nanoparticles in each nanocomposite compared to the non-
treated (N) silica and also significantly reduces the concentration of nanoscale 
agglomerates. However, the application of surface treatment “B” increased filler-filler 
interactions, resulting in a larger fraction of micron-scale agglomerates. These micron-
scale agglomerates were found to be weakly interacting and intra-agglomerate fracture 
was observed, along with no increase in fracture energy with increasing filler content. 
Therefore, differences in surface modification between silica nanoparticles significantly 
influences the fracture behavior of silica-filled epoxy nanocomposites up to 10 vol% of 
filler.  
3.4 Conclusion 
 
The effect of surface modification on the fracture behavior of silica-filled epoxy 
nanocomposites was explored by coating nominally 50 nm silica nanoparticles with 
three different surface treatments (A, B and C) using a commercially viable process. 
Nanocomposites containing up to 10 vol% of each type of treated-silica nanoparticle 
show drastic differences in particle dispersion and fracture behavior.  
Thermal analysis revealed no significant chemical interactions between the 
treated-silica nanoparticles and the epoxy matrix. In addition, the surface treatments 
used in this study do not significantly after the CTE of silica-filled epoxy 
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nanocomposites below 𝑇. However, rheological and inverse gas chromatography 
experiments highlighted varying affinities for filler-filler interactions in both the 
uncured and cured samples. At 10% surface coverage, the non-treated (N) silica 
nanoparticles have the highest total surface energy, 46 mJ/m2. The application of surface 
treatments A, B and C resulted in lower total surface energy: 38 mJ/m2 for the A-treated 
silica, 43 mJ/m2 for the B-treated silica, and 41 mJ/m2 for the C-treated silica. Surface 
wettability profiles, revealed that the A-treated silica is the least hydrophobic surface 
treatment. No significant difference was observed in the hydrophobicity of the B-treated 
and C-treated silica nanoparticles with both being more hydrophobic than the non-
treated (N) and A-treated silica nanoparticles. 
The B-treated silica nanoparticles were found to be the most difficult to process, 
resulting in the most particles settling during nanocomposite curing. Ultimately, no 
improvement in fracture toughness as a function of increasing filler content was 
observed for the B-treated silica-filled epoxy nanocomposites. The morphology of the 
B-treated silica-filled epoxy nanocomposites consisted of micron-scale agglomerates 
which broke apart in response to three-point bending.  
Fracture toughness improved with increasing filler content for the non-treated 
(N), A-treated and C-treated silica-filled epoxy nanocomposites. Each of these 
nanocomposites primarily consisted of dispersed nanoparticles. The A-treated and C-
treated silica-filled epoxy nanocomposites attained higher fracture toughness than the 
non-treated (N) silica-filled epoxy nanocomposites as the application of both surface 
treatments allowed for a higher fraction of dispersed nanoparticles. At 10 vol%, the 
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fracture toughness of the C-treated silica-filled epoxy nanocomposites reached 2.28 +/- 
0.02 MPa⋅m1/2. Overall, the highest fracture toughness, 2.38 +/- 0.02 MPa⋅m1/2, was 
attained with 10 vol% of A-treated silica nanoparticles.  
A small fraction (below 5%) of micron-scale agglomerates were observed in the 
non-treated (N), A-treated and C-treated silica-filled epoxy nanocomposites, most likely 
due to spray drying of the nanoparticles prior to mixing with the epoxy resin. The small 
fractions of micron-scale agglomerates were found to be effective impediments to crack 
propagation. Microcracking was observed in each type of silica-filled epoxy 
nanocomposite. Interestingly, the contribution of microcracking to the overall fracture 
energy of the well-dispersed silica-filled epoxy nanocomposites (e.g. containing A-
treated and C-treated silica) was found to decrease with increasing filler content. The 
presence of microcracking may explain the large increases in fracture toughness 
observed in silica-filled epoxy nanocomposites at lower filler contents.  
Agglomeration in each system resulted in suppressing the toughening 
contributions of void growth and matrix shear banding. In the nanocomposites which 
show more particle agglomeration (e.g. the non-treated (N) silica and B-treated silica-
filled systems) 𝑓 is significantly lower than the nanocomposites which primarily 
consist of individual nanoparticles (e.g. the A-treated and C-treated silica-filled 
systems). 
 Finally, the contribution of each toughening mechanism was modeled using the 
model developed in Chapter 2. Once again better agreement between anticipated and 
measured fracture energy was achieved as compared to the Huang and Kinloch model 
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and the analysis by Bray et al. Neither of the other approaches could account for the 
influence of nanoparticle agglomeration on overall fracture behavior. 
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CHAPTER 4: THE EFFECT OF PARTICLE POROSITY ON THE 
FRACTURE BEHAVIOR OF SILICA-FILLED EPOXY NANOCOMPOSITES  
 
4.1 Introduction 
 
Characterizing the fracture behavior of silica-filled epoxy nanocomposites has 
received much attention in literature. Many researchers have found that fracture 
toughness improves with increasing filler content in silica-filled epoxy nanocomposites 
[e.g. 1-4]. Johnsen et al. reported a 240% increase in fracture toughness with the addition 
of up to 13.4 vol% of 20 nm silica nanoparticles in an anhydride-cured epoxy [1]. Liang 
and Pearson demonstrated that the addition of up to 17.4 vol% of either 20 nm or 80 nm 
silica nanoparticles into an epoxy matrix produced similar improvements in fracture 
toughness [2]. Hsieh et al. reported improvements in fracture toughness with the 
addition of up to 13.7 vol% of 20 nm silica nanoparticles in four different epoxy systems 
[3]. Dittanet and Pearson found that similar fracture toughness improvements were 
achieved with up to 30 vol% of either 23 nm, 74 nm, and 170 nm silica nanoparticles in 
a piperidine-cured epoxy [4]. 
While previous studies have investigated the influence of filler content and 
particle size on the fracture behavior of silica-filled epoxy nanocomposites, the role of 
the particle porosity has not received significant attention. In Chapter 3, different surface 
treatments produced significant variations in the morphology and fracture behavior of 
50 nm silica-filled epoxy nanocomposites. In this chapter, the surface treatment “A” is 
applied to porous and non-porous silica nanoparticles to investigate the effect of particle 
porosity on the fracture behavior of silica-filled epoxy nanocomposites. 
Nanocomposites are cured with up to 10 vol% of each type of silica nanoparticle. 
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Thermal, rheological and inverse gas chromatography techniques are utilized to 
elucidate filler-matrix interactions. Thermal and mechanical properties are evaluated for 
each nanocomposite. Fractographical analysis is employed to determine the underlying 
toughening mechanisms in these nanocomposites. Finally, the contribution of each 
toughening mechanism is modeled to generate anticipated fracture energies which are 
then compared to measured fracture energy results.  
4.2 Experimental 
 
4.2.1 Materials 
 
A diglycidyl ether of bisphenol A-based epoxy resin (DER 331, Dow Chemical 
Company), with an equivalent molecular weight of 187 g/mol, was used in this study. 
Silica nanoparticles with different particle sizes and structures were prepared with 
surface treatment “A”. Cabot Corporation provided the A-treated silica nanoparticles as 
pre-mixed concentrates in a DGEBA epoxy resin. The silica nanoparticles have nominal 
particle diameters ranging from 25 nm to 100 nm. The surface treatment process and 
the specific surface chemistry of the silica nanoparticles are proprietary (to Cabot 
Corporation) and therefore are not disclosed in this dissertation. In general, feedstock 
non-treated silica nanoparticles were mixed in an aqueous suspension with the same 
surface treatment agent and processed until phase separation. Then, the treated silica 
nanoparticles were filtered, spray dried, and mixed with epoxy resin. Table 1 provides 
a general description of each type of silica nanoparticle. Composites were cured with 
piperidine (Piperidine – 99%, Alfa Aesar). In addition to the premixed concentrates, 
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approximately 50 g of each type of silica nanoparticle was provided as dry powder for 
subsequent analysis. 
Table 1. General description of each type of silica nanoparticle. 
Surface Treatment 
Designation 
Surface Treatment 
Description 
Nominal Particle 
Size (nm) 
Surface 
Structure 
N No Surface Treatment 50 Non-porous 
A Hydrophobic 50 Non-porous 
A Hydrophobic 25 Non-porous 
A Hydrophobic 35 Porous 
A Hydrophobic 100 Porous 
 
4.2.2 Nanocomposite Preparation 
 
4.2.2.1 Characterization of Premixed Concentrate 
 
 Thermogravimetric analysis was used to determine the amount of silica 
nanoparticles in each of the premixed concentrates received from Cabot Corporation 
according to ASTM E2550 standard testing guidelines [5]. Samples weighing 
approximately 10 – 20 mg were loaded into a platinum crucible and loaded into a 
thermogravimetric analyzer (TGA Q500, TA Instruments). The samples were heated 
from 25 °C to 700 °C at a ramp rate of 10 °C/min under an air environment. The weight 
loss in the sample was recorded as a function of temperature. Universal Analysis 
software (TA Instruments) was used to determine the weight percent of silica 
nanoparticles remaining after the temperature ramp. Two samples were tested from each 
premixed concentrate. 
4.2.2.2 Density of Silica Nanoparticles  
 
 Previously cured un-filled and highly-filled nanocomposites were analyzed to 
determine the density of the unmodified epoxy and each type of silica nanoparticle. 
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First, thermogravimetric analysis, using the same testing parameters as outlined in 
Section 4.2.2.1, was used to determine the weight percent of silica nanoparticles in each 
sample. Next, density measurements were conducted using an analytical balance 
(Torbal AGC200) equipped with a density kit based on Archimedes principle. Five 
samples for each nanocomposite were weighed dry (i.e. in air) and wet (i.e. in water). 
The temperature was recorded to the nearest 0.1 °C to accurately determine the density 
of water. The density of each nanocomposite was determined using a Torbal density 
calculator. Finally, the density of the silica nanoparticles was determined using the 
following equation: 𝜌 = 	 𝑚𝑚 + 𝑚𝜌T − 𝑚𝜌 																																																							(1) 
   
where 𝑚 and 𝑚 are the mass fractions of silica and epoxy, respectively, and 𝜌T , 𝜌, 
and 𝜌 are the densities of the epoxy, nanocomposite, and silica nanoparticles, 
respectively.  
4.2.2.3 Curing of Nanocomposites  
 
 Each pre-mixed concentrate was diluted with unmodified DER 331 epoxy resin 
to produce filled-resins consisting of 2.5, 5, 7.5 and 10 vol% of silica nanoparticles. The 
uncured filled-resins were then placed in a heating mantle and mixed using a mechanical 
stirrer. First, the temperature was ramped to 80 °C to lower the viscosity of each filled-
resin. Then, mixing was conducted in air for 30 minutes at 80 °C. Next, the mixtures 
were transferred to a heated ultrasonic bath for 30 minutes. Ultrasonic mixing is 
commonly used to facilitate good dispersion by deagglomerate nanoparticles in 
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suspensions [6]. Subsequently, the filled-resins were returned to the heating mantle and 
were degassed under vacuum for 4 hours at 80 °C. Next, 5 parts per hundred resin (phr) 
of piperidine was added, as a curing agent, and allowed to mix under vacuum for 10 
minutes. Thereafter, the mixture was poured into a preheated Teflon-coated aluminum 
mold and placed in an oven to cure for 6 hours at 160 °C. Finally, the cured 
nanocomposites were gradually cooled to room temperature in an oven for 24 hours.  
During the processing of the most highly-filled resins (containing 10 vol% of 
silica nanoparticles) approximately 20 grams of resin was set aside for subsequent 
rheological and thermal analysis prior to the addition of the curing agent.  
The final concentration of silica nanoparticles in each cured nanocomposite was 
analyzed using thermogravimetric analysis, under the same testing parameters as 
discussed in Section 4.2.2.1.   
Transmission electron microscopy was used to examine the morphology of the 
cured nanocomposites. Portions of the 2.5 vol% and 10 vol% cured nanocomposites 
containing each type of silica nanoparticles were sent to Dr. Gregory Hendricks at the 
Core Electron Microscopy Facility of the University of Massachusetts Medical School 
(Worcester, MA) for ultramicrotoming and carbon coating. The sectioned samples, 
approximately 100 nm in thickness, were imaged in a transmission electron microscope 
(JEOL-2000FX) operating at an accelerating voltage of 200kV. 
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4.2.3 Materials Characterization  
 
4.2.3.1 Filler-Matrix Interactions 
 
Differential Scanning calorimetry was used to determine the glass transition 
temperature (𝑇) of each highly-filled uncured resin according to ASTM D7426 
standard testing guidelines [7]. Samples weighing approximately 10 mg were placed 
into hermetically-sealed aluminum pans and loaded into a differential scanning 
calorimeter (DSC Q2000, TA Instruments). The samples were heated from -60 °C to 25 
°C at a ramp rate of 10 °C/min under a nitrogen environment and then cooled down to 
-60 °C at the same ramp rate to remove any thermal history. Then, a second heating 
ramp was conducted from -60 °C to 25 °C at a ramp rate of 10 °C/min. Heat flow into 
and out of the sample was recorded for each temperature cycle. Universal Analysis 
software (TA Instruments) was used to determine the glass transition temperature (𝑇) 
of each uncured highly-filled resin.  
 Rheometry was used to determine the viscoelastic properties of the uncured 
highly-filled resins (containing 10 vol% of silica nanoparticles). The rheological 
experiments were conducted using disposable parallel-plate geometries installed on a 
rheometer (DHR-2, TA Instruments). For each experiment, an appropriate amount of 
sample was used in order to have a 1 mm gap between the disposable parallel-plates 
during testing. First, structure build-up analysis was conducted by determining the 
viscosity of the resins under steady state flow. Flow sweeps were conducted at shear 
rates ranging from 0.01 1/s to 100 1/s at 25 °C. At each shear rate, a maximum 
equilibration time of 180 s was allowed for the sample to reach a steady state based on 
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an average of three consecutive viscosity measurements that were within a 5% 
tolerance.  Second, the yield behavior of each resin was analyzed through oscillatory 
amplitude sweeps. The viscosity of each resin at 25 °C was measured at torque values 
ranging from 1 µN.m to 1000 µN.m. The angular frequency was set to 6.28 rad/s. The 
yield stress at viscosity maximum is reported for each resin. Lastly, the storage and loss 
moduli of each highly-filled resin was determined through oscillatory frequency 
sweeps. Measurements were taken at 25 °C over a frequency range of 0.1 Hz to 1 Hz 
with an applied strain of 1.25%. At the start of the test, each sample was pre-sheared at 
a shear rate of 10 1/s for 10 seconds and allowed to reach equilibrium for a duration of 
180 seconds. Storage and loss moduli are reported as a function of angular frequency. 
 Inverse gas chromatography was used to determine the surface energies 
(dispersive and acid-base) at infinite dilution for each type of silica nanoparticle. In 
addition, the surface heterogeneity was determined by measuring the distribution of 
surface energies at finite dilutions. Dry silica powder was sent to Surface Measurement 
Systems (Allentown, PA) for testing on a Surface Energy Analyzer (SEA, Surface 
Measurement Systems). Measurements were conducted by Dr. Daniel Burnett using 
standard analysis techniques [8-9]. Dry silica powders were packed into individual 
presilanized glass columns. The columns were placed into a tapping machine to reduce 
voiding between particles. The dispersive surface energy was determined by passing 
known volumes of alkane probe molecules through the column to obtain up to 10% 
surface coverage with the silica particles. The alkanes used were nonane, octane, 
heptane, and hexane (all obtained from Sigma Aldrich). The acid-base component of 
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surface energy was obtained using two polar probe molecules (dichloromethane and 
ethyl acetate, both obtained from Sigma Aldrich). Again, known volumes of the probe 
molecules were passed through the column to obtain up to 10% surface coverage with 
the silica particles. The column temperature was set to 60 °C throughout the experiments 
and a helium purge gas was used to carry the probe molecules through the column. 
Surface energy values as a function of surface coverage are reported for each type of 
silica.  
4.2.3.2 Thermal Analysis of Cured Nanocomposites 
 
Differential Scanning calorimetry was used to determine the glass transition 
temperature (𝑇)of each nanocomposite according to ASTM D7426 standard testing 
guidelines [7]. Samples weighing approximately 10 mg were placed into hermetically-
sealed aluminum pans and loaded into a differential scanning calorimeter (DSC Q2000, 
TA Instruments). First the samples were heated from 25 °C to 200 °C at a ramp rate of 
10 °C/min under a nitrogen environment and then cooled down to 25 °C  at the same 
ramp rate to remove any thermal history. Then, a second heating ramp was conducted 
from 25 °C to 200 °C at a ramp rate of 10 °C/min. Heat flow into and out of the sample 
was recorded for each temperature cycle. Universal Analysis software (TA Instruments) 
was used to determine the glass transition temperature (𝑇) of each nanocomposite. 
Two samples were tested from each cured nanocomposite.  
 Thermomechanical analysis was used to investigate the coefficient of thermal 
expansion (CTE) of each nanocomposite according to ASTM E831 standard testing 
guidelines [10]. Samples were machined into 5 mm x 5 mm x 5 mm cubes and loaded 
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into a thermomechanical analyzer (TMA 2940, TA Instruments). The samples were first 
heated from 25 °C to 200 °C at a ramp rate of 5 °C/min and then cooled down to 25 °C 
at the same ramp rate to relieve any residual stresses. Then, a second heating ramp was 
conducted from 25 °C to 200 °C at a ramp rate of 1 °C/min while recording the linear 
change in dimension of the sample. Universal Analysis software (TA Instruments) was 
used to determine the CTE values above and below 𝑇 based on the dimension change 
versus temperature profile of each nanocomposite. Two samples were tested from each 
cured nanocomposite.  
4.2.3.3 Mechanical Characterization of Cured Nanocomposites 
 
 Dynamic mechanical analysis was performed on the 10 vol% silica-filled epoxy 
nanocomposites containing each type of silica nanoparticle. Rectangular samples were 
machined and ground to approximately 35 mm x 12.5 mm x 2.5 mm. The samples were 
loaded into a rectangular torsion geometry installed on a rheometer (DHR-2, TA 
Instruments). An oscillatory temperature ramp was conducted from 25 °C to 150 °C at 
a ramp rate of 1 °C/min. A soak time of 10 seconds was applied after each temperature 
step. The frequency was set to 1 Hz and the maximum strain was set to 0.2%. An axial 
force of 10 N was maintained during testing to prevent sample buckling. Storage 
modulus and tan δ are reported as a function of temperature.  
Compression testing was performed on a screw-driven universal materials 
testing machine (Instron 5567) to determine the compressive yield stress (𝜎N) of each 
nanocomposite. Samples were prepared, tested, and analyzed according to ASTM D695 
standard testing guidelines [11]. First, sample bars were machined to the following 
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dimensions: 12 mm x 6 mm x 6 mm. Prior to testing, samples were annealed for 1 hour 
at 100 °C to relieve: 1) potential physical aging differences between samples cured at 
different times and 2) any residual stress variations due to sample curing and machining. 
Testing was conducted at a crosshead speed of 1 mm/min. Directly before loading, a 
thin layer of graphite powder was added to the top and bottom surfaces of each sample 
as a lubricant between the sample and the test fixtures. Five samples were tested from 
each cured nanocomposite.  
Single-edge notch bend testing was performed on a screw-driven universal 
materials testing machine (Instron 5567) to determine the plane-strain fracture 
toughness (𝐾GT) of each nanocomposite. Samples were prepared, tested, and analyzed 
according to ASTM D5045 standard testing guidelines [12]. First, sample bars were 
machined to the following dimensions: 76.2 mm x 12.7 mm x 6.3 mm. Then, a jeweler’s 
saw was used to make a pre-notch in each sample bar. Next, a razor blade was chilled 
in liquid nitrogen and then lightly tapped into the pre-notch to generate a natural, sharp, 
self-propagating and penny-shaped crack. Samples were tested using a crosshead speed 
of 1 mm/min. A minimum of ten samples were tested for each nanocomposite. After 
testing, crack length measurements were conducted on the fracture surfaces of each 
sample. In addition, load-displacement curves were analyzed to ensure that the proper 
peak load value was used to calculate the conditional fracture toughness (𝐾U). The 
general formula for 𝐾U is as follows: 
𝐾U = 	 𝑃U𝐵𝑊@ 4 𝑓 𝑎𝑊 																																																													(2) 
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where 𝑃U is the maximum load at break, 𝐵 is the sample thickness, 𝑊 is the sample 
width,  𝑎  is the crack length, and 𝑓 [\   is the shape factor which is determined as 
follows:  
𝑓 𝑎𝑊 = 	6 𝑎𝑊 @ 4 1.99	 −	 𝑎𝑊 1 − 𝑎𝑊 2.15	– 	3.93 𝑎𝑊 	+ 2.7 𝑎𝑊 41 + 2 𝑎𝑊 1 − 𝑎𝑊 ` 4 					(3) 
The validity of each  𝐾U was analyzed according to the procedure outlined in Section 
9.1 of ASTM D5045 [12] to ensure that each result meets crack length and size criteria 
standards for linear elastic fracture mechanics. Finally, a minimum of five valid 𝐾U 
measurements were used to report an average plane-strain fracture toughness (𝐾GT) for 
each nanocomposite.  
 The critical strain energy release rate (𝐺GD) was determined by integrating the 
load-displacement curves up to the load point for the samples that produced valid 𝐾U 
measurements. The energy, 𝑈, from the integrated area was then used to calculate the 
conditional fracture energy, 𝐺U, using the following expression:  
𝐺U = 	 𝑈𝐵𝑊𝜙 																																																																			(4) 
where 𝑈 is the energy obtained from the integrated load-displacement curve, 𝐵 is the 
sample thickness, 𝑊 is the sample width, and 𝜙 is the crack compliance function. 
Values for 𝜙 are obtained from Table 1 from ASTM D5045 [12]. The accuracy of each  𝐺U was analyzed according to the procedure outlined in Section 9.3 of ASTM D5045 
[12]. Finally, a minimum of five valid 𝐺U measurements were used to report an average 
critical strain energy release rate (𝐺GD) for each nanocomposite.  
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4.2.3.4 Fractography of Nanocomposites  
 
 Scanning electron microscopy was used to the examine fracture surfaces 
produced from three-point bend testing. All samples were sputter-coated with iridium 
to reduce sample charging during imaging. Furthermore, the sides of the samples were 
coated with silver paint to facilitate electron conduction to ground. The samples were 
imaged in a scanning electron microscope (Zeiss 1500 SEM) equipped with an in-lens 
secondary electron detector. An accelerating voltage of 5 kV was used. In addition, low-
voltage SEM imaging techniques as outlined by Goldstein et al. [13] were used.  
 Transmission optical microscopy was used to investigate subsurface damage in 
the fractured samples produced from three-point bend testing. Fractured samples, from 
the 2.5 vol%, 5 vol% and 10 vol% cured nanocomposites containing each type of silica, 
were selected for imaging. The samples were ground and polished to produce thin 
sections that were approximately 100 microns in thickness using standard petrographic 
techniques [14]. Bright field and cross-polarized light imaging was conducted on a light 
optical microscope (Olympus Model BH2).  
4.3 Results & Discussion 
 
4.3.1 Characterization of As-Received Materials   
 
 The as-received premixed concentrates from Cabot Corporation contained 
approximately 20 to 32 wt% of silica nanoparticles (Table 2). The density of the treated 
silica nanoparticles was determined by analyzing the silica content and densities of 
previously cured highly-filled nanocomposites containing each type silica nanoparticle.  
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Table 2. Thermogravimetric analysis of premixed concentrates. 
Premixed Concentrate Weight Percent of Silica (wt%) 
Non-Treated Silica 30.8 +/- 0.4 
50 nm A-Treated Silica 31.5 +/- 0.3 
25 nm A-Treated Silica 31.1 +/- 0.2 
35 nm A-Treated Silica 20.8 +/- 0.2 
100 nm A-Treated Silica 29.5 +/- 0.3 
 
In Table 3, the measured densities of the cured highly-filled nanocomposites and 
the calculated densities of the non-treated (N) and each type of A-treated silica are 
shown. The density of cured unmodified epoxy is 1.166 g/cm3. The density of the non-
treated (N) silica is 2.20 g/cm3, which agrees with the characteristic density of 
amorphous silica [15]. Interestingly, the density of the A-treated silica nanoparticles 
ranged from 1.89 to 2.27 g/cm3. The application of surface treatment “A” to the 50 nm 
non-treated silica increased the density to 2.27 g/cm3.  A similar density was obtained 
for the 25 nm A-treated silica. In contrast, both the 35 nm and 100 nm A-treated silica 
nanoparticles have densities that are much lower than that the 50 nm non-treated (N) 
silica, 1.89 and 1.90 g/cm3, respectively. The lower densities are attributed to the porous 
structure of the 35 nm and 100 nm A-treated silica nanoparticles. The calculated 
densities of the 35 nm and 100 nm A-treated silica nanoparticles are comparable to the 
density range of 1.90 – 1.93 g/cm3 reported by Dittanet and Pearson for organosilane-
treated silica nanoparticles with particle sizes of 23 nm to 170 nm [4]. 
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Table 3. Calculated density of each type of silica nanoparticle. 
Filler Measured Density of 
Highly-Filled Cured 
Composites (g/cm3) 
Calculated Density of 
Treated Silica 
Nanoparticles (g/cm3) 
Non-Treated 50 nm Silica  1.339 +/- 0.003 2.20 
A-Treated 50 nm Silica  1.305 +/- 0.001 2.27 
A-Treated 25 nm Silica 1.337 +/- 0.002 2.26 
A-Treated 35 nm Silica  1.232 +/- 0.003 1.89 
A-Treated 100 nm Silica  1.275 +/- 0.002 1.90 
 
Based on the silica content of the premixed concentrates and the densities of the 
silica nanoparticles, the filler content will range from 0 to 10 vol% for the cured 
nanocomposites.  
4.3.2 Filler-Matrix Interactions 
 
  During the processing of the nanocomposites, uncured resins containing 10 
vol% of the non-treated (N) silica and each type of A-treated silica were set aside for 
analyzing potential filler-matrix interactions. The inclusion of filler particles into a 
polymer can alter the thermal, mechanical, and processing behavior of the polymer 
matrix. In the uncured state, shifts in the glass transition temperature (𝑇) of the filled-
resin compared to the unmodified resin may signal chemical interactions between the 
filler and the matrix. Table 4 compares the glass transition temperature of the uncured 
and unmodified epoxy resin with the uncured resins filled with 10 vol% of the non-
treated (N) silica and each type of A-treated silica. No significant shift in 𝑇 were 
observed between the unmodified and filled-resins. Typically, equilibrium 𝑇 values are 
compared based on the second heating ramp (last column in Table 4) but here the first 
heating ramp data (middle column in Table 4) is also highlighted. Each resin was 
analyzed within 30 minutes after processing. Therefore, any influence of the mixing 
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procedure (i.e. the immediate thermal history) would appear during the first heating 
ramp. No significant shift in 𝑇 was observed, therefore, the data suggests that inclusion 
of the non-treated (N) silica and each type of A-treated silica into the epoxy matrix does 
not yield sufficient chemical interactions with the epoxy matrix. 
Table 4. Thermal analysis of uncured resins. 
Uncured Resin 𝑇 (°C) via DSC  
(First Heating 
Ramp) 
𝑇 (°C) via DSC  
(Second Heating 
Ramp) 
Unmodified Epoxy -15.3 +/- 0.5 -15.2 +/- 0.4 
10 vol% Non-Treated Silica -14.3 +/- 0.2 -14.0 +/- 0.8 
10 vol% A-Treated 50 nm Silica -15.3 +/- 0.2 -13.4 +/- 0.1 
10 vol% A-Treated 25 nm Silica -16.1 +/- 0.2 -16.0 +/- 0.2 
10 vol% A-Treated 35 nm Silica -15.8 +/- 0.1 -14.9 +/- 0.8 
10 vol% A-Treated 100 nm Silica -14.5 +/- 0.5 -13.9 +/- 0.3 
 
 Structure build-up analysis, as shown in Figure 1, reveals that the presence of 
the silica nanoparticles increases the viscosity of the uncured resins as compared to the 
unmodified epoxy. The unmodified epoxy behaves as a Newtonian fluid (i.e. viscosity 
is independent of shear rate) given it’s amorphous, isotropic and relatively small 
molecular structure. The inclusion of 10 vol% of non-treated (N) silica nanoparticles 
increases the viscosity of the epoxy resin but retains Newtonian behavior. The inclusion 
of 10 vol% of each type of A-treated silica increases the viscosity of the epoxy resin and 
introduces slight non-Newtonian behavior. The viscosity profiles of the 10 vol% resins 
containing each type of A-treated silica are within a relative narrow band and initially 
show a slight rise in viscosity with shear rate followed by a decrease towards a plateau. 
The initial rise in viscosity suggests the presence of yielding.  
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Figure 1. Structure-build up analysis of the uncured resins showing the viscosity under 
steady state flow as a function of shear rate. 
 
 To further assess the yield behavior of each uncured resin, oscillatory amplitude 
sweeps were conducted. As shown in Figure 2, no yield stress (taken as the measured 
stress at maximum viscosity) was observed for the unmodified epoxy, the non-treated 
(N) silica-filled epoxy resin and the 100 nm A-treated silica-filled epoxy resin. The 
Newtonian behavior of the non-treated (N) and 100 nm A-treated silica-filled epoxy 
resins suggests that the filler-filler interactions are relatively low. The reduced 
interactions may be due to sufficient dispersion within the epoxy matrix or insignificant 
filler-filler affinity such that there is not constant breaking and subsequent rebuilding of 
structure in response to shear deformation.  
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 Each of filled-resins containing A-treated silica with particle sizes less than 100 
nm displayed a yield stress: 8.4 Pa for the resin containing 10 vol% 50 nm A-treated 
silica, 9.6 Pa for the resin containing 10 vol% 35 nm A-treated silica and 10.7 Pa for the 
10 vol% 25 nm A-treated silica-filled epoxy resin. The onset of yielding suggests that 
sufficient filler particle loading exists in each system such that the flow of the resin is 
initially restricted. Therefore, a yield stress signifies that the rigidity introduced by the 
presence of the particles has been overcome and subsequently viscous-like behavior 
dominates in response to increasing shear deformation. 
 
Figure 2. Yield behavior of the uncured resins showing the change in viscosity a 
function of stress. 
 
 The storage and loss modulus of the uncured resins is show in Figure 3. As 
expected, the loss modulus, reflective of viscous behavior, dominated in the unmodified 
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epoxy. The inclusion of non-treated (N) silica and 200nm A-treated silica did not 
significant change the viscous-like behavior of the epoxy resin, with the loss modulus 
dominating in each of those systems as well. The storage modulus for the unmodified 
epoxy, non-treated (N) silica-filled epoxy resin and the 100 nm A-treated silica-filled 
epoxy resin were each near zero. Conversely, the resins that showed non-Newtonian 
behavior and apparent yield stresses displayed much higher storage moduli. However, 
no appreciable competition between solid-like behavior and viscous-like behavior was 
observed for any of the A-treated silica-filled epoxy resins.  
 
Figure 3. Storage and Loss Modulus of the uncured resins as a function of angular 
frequency: A) unmodified epoxy and silica-filled epoxy resins containing up to B) 10 
vol% non-treated (N) silica, C) 10 vol% 50 nm A-treated silica, D) 10 vol% 25 nm A-
treated silica, E) 10 vol% 35 nm A-treated silica and F) 10 vol% 100 nm A-treated silica. 
 
 To further investigate potential filler-filler interaction, inverse gas 
chromatography was used to evaluate the surface heterogeneity of each type of silica 
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nanoparticle. Generally, surface energy data is collected at infinite dilutions (i.e. near 
zero surface coverage). However, such surface energy data is more representative of 
probe molecule interactions with the most energetic surface sites. Surface heterogeneity 
profiles which take into account finite dilutions (i.e. surface coverages approaching 
10%) better articulate the surface energy of particles by taking into account a more 
representative sampling of surface sites. In addition, the shape of the surface 
heterogeneity profiles can characterize the surface quality of particles. In Figure 4, the 
total surface energy, surface wettability as well as the acid-base and dispersive 
components of surface energy are each plotted as a function of surface coverage.  
 
Figure 4. Surface heterogeneity profiles as a function of surface coverage for each type 
of silica nanoparticle comparing: A) total surface energy, B) surface wettability, C) the 
acid-base component of surface energy, and D) the dispersive component of surface 
energy. 
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 At 10% surface coverage, the non-treated (N) silica nanoparticles had the highest 
total surface energy, 46 mJ/m2. The application of surface treatment A, regardless of 
particle size or structure results in lower total surface energy, approximately 38 mJ/m2. 
Therefore, no significant energetic differences exist between the different types of A-
treated silica at finite surface coverages. In contrast, variations in surface heterogeneity 
are observed. As the particle size of the A-treated silica increases, the total surface 
energy profile becomes shallower and suggests that the surface coating is more 
homogeneous. The highest surface energy at infinite dilution (i.e. near zero surface 
coverage) is obtained by the 35 nm A-treated silica nanoparticles. It is plausible that the 
presence of porosity on the surface of the 35 nm silica nanoparticles may contributed to 
an inhomogeneous distribution of surface treatment “A”. Based on the total surface 
energy profile for the 100 nm A-treated silica, it is anticipated that the surface pores are 
large enough that the same inhomogeneous distribution of surface treatment is not 
observed.  
 The surface heterogeneity of the 25 nm A-treated silica could not be obtained 
due to materials handling and instrument limitations. It is anticipated that the 25 nm A-
treated silica will follow a surface heterogeneity profile that is in-between the profiles 
of the 35 nm A-treated silica and the 50 nm A-treated silica. Ultimately, at finite surface 
coverage the total surface energy is expected to be approximately 38 mJ/m2.  
 Typically, the shape of surface heterogeneity profiles slopes downwards as a 
function of increasing surface coverage as probe molecules begin to interact with lower 
energy surface sites [8-9]. The sharp decrease in total surface energy as a function of 
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surface coverage implies that there are more lower-energy (i.e. treated) surface sites as 
compared to higher energy surface sites. Interestingly, the non-treated (N) silica show 
an upward slope with increasing surface coverage. Upward slopes in surface 
heterogeneity profiles are typically associated with interactions between probe 
molecules, however, such interactions are not expected at finite dilutions corresponding 
to surface coverages of 10% or lower. Therefore, the upward slope may signal an 
inhomogeneous distribution of surface sites between non-treated (N) silica 
nanoparticles with some nanoparticles having larger concentrations of higher energy 
sites than other nanoparticles. 
 The surface wettability profiles (Figure 4B), reveal that the A-treated silica 
nanoparticles are less hydrophobic than the non-treated (N) silica. The structural 
differences between the A-treated silica results in slight differences in surface 
wettability. The 50 nm and 100 nm A-treated silica nanoparticles are the least 
hydrophobic. In contrast, the surface wettability profile of the 35 nm A-treated silica 
nanoparticles suggests trends closer to the surface wettability profile of the non-treated 
(N) silica. The inhomogeneous coating of surface treatment “A” on the porous 35 nm 
silica nanoparticles may account for the surface wettability falling in-between the 
profiles of the more homogenously coated A-treated silica and the non-treated (N) silica. 
In addition, as shown in Figure 4C, the acid-base component of surface energy profile 
for the 35 nm silica nanoparticles is steeper than any of the other types of A-treated 
silica. Therefore, the polar surface sites are more uniformly distributed on the 50 nm 
and 100 nm A-treated silica.   
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 The dispersive surface energy is the dominant component of the total surface 
energy for each type of silica (Figure 4D). The dispersive surface energy provides an 
indication of the non-polar sites on the particle surfaces and their affinity for cohesive 
interactions (e.g. by van der Waals forces). It is anticipated that the non-treated (N) silica 
particles will agglomerate during nanocomposite processing. Regarding the A-treated 
silica, similar to the observation in Figure 4A, the dispersive component of total surface 
energy as a function of surface coverage becomes shallower, and thus more uniform, 
with increasing particle size. 
4.3.3 Compositional Analysis of Cured Nanocomposites 
 
 Thermogravimetric analysis performed on the cured nanocomposites revealed 
excellent agreement between target and achieved filler concentrations for the 25 nm, 
50 nm, and 100 nm A-treated silica-filled epoxy nanocomposites. As reported in 
Chapter 3, particle settling was observed in the non-treated (N) silica-filled epoxy 
nanocomposites. However, no particle settling was observed in any of the A-treated 
silica-filled epoxy nanocomposites. As shown in Table 5, the only silica-filled epoxy 
nanocomposites with silica contents which were consistently lower than the target filler 
concentrations involved the 35 nm A-treated silica. Potential variations in the local 
concentration of silica nanoparticles in the premixed concentrate containing 35 nm A-
treated silica may account for the lower than anticipated filler contents.  
  
 211 
Table 5. Composition of target and calculated silica contents for each nanocomposite. 
Filler Nominal 
Filler Content 
(vol%) 
Measured Filler 
Content (wt%) via 
TGA 
Calculated Filler 
Content (vol%) 
None (Unmodified Epoxy) 0 0 0 
Non-Treated 50 nm Silica  
2.5 4.0 +/- 1.1  2.2 
5 8.2 +/- 0.3 4.5 
7.5 13.6 +/- 3.9  7.7 
10 16.6 +/- 0.5 9.6 
A-Treated 50 nm Silica  
2.5 4.4 +/- 0.1 2.3 
5 9.0 +/- 0.1 4.9 
7.5 12.8 +/- 0.1 7.0 
10 17.5 +/- 0.1 9.8 
A-Treated 25 nm Silica  
2.5 4.6 +/- 0.1  2.4 
5 9.0 +/- 0.2 4.8 
7.5 13.2 +/- 0.1 7.3 
10 17.4 +/- 0.2 9.8 
A-Treated 35 nm Silica  
2.5 3.2 +/- 0.1 2.0 
5 6.5 +/- 0.1 4.1 
7.5 10.3 +/- 0.1 6.6 
10 14.1 +/- 0.1 9.2 
A-Treated 100 nm Silica  
2.5 3.9 +/- 0.1 2.4 
5 7.7 +/- 0.1 4.9 
7.5 11.6 +/- 0.1 7.5 
10 15.2 +/- 0.1 9.9 
 
 The morphologies of the 2.5 vol% and 10 vol% silica-filled epoxy 
nanocomposites containing each type of silica are shown in Figures 5 - 9. The non-
treated (N) silica-filled epoxy nanocomposites show significant nanoscale and micron-
scale agglomeration. The particle size of the nanoscale agglomerates is approximately 
250 nm while the micron-scale agglomerates are on the order of 2 µm. In addition, only 
a few well-dispersed individual nanoparticles are readily visible. The non-treated (N) 
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silica particles have a wide particle size distribution with a number average particle size 
(diameter) of 61 +/- 23 nm.  
 
Figure 5. TEM images of the non-treated (N) silica-filled epoxy nanocomposites at 2.5 
vol% (A & B) and 10 vol% (C & D) filler content. 
 
 The various types of A-treated silica-filled epoxy nanocomposites have similar 
morphologies consisting primarily of dispersed nanoparticles. In the 50 nm A-treated 
silica-filled epoxy nanocomposites agglomeration is significantly reduced as compared 
to the non-treated (N) silica-filled epoxy nanocomposites. The number average particle 
size of the nominally 50 nm A-treated silica nanoparticles is 54 +/- 16 nm. 
A B 
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Figure 6. TEM images of the 50 nm A-treated silica-filled epoxy nanocomposites at 2.5 
vol% (A & B) and 10 vol% (C & D) filler content. 
 
 Similarly, the morphology of the 25 nm A-treated silica-filled epoxy 
nanocomposites show excellent dispersion of individual nanoparticles. Nanoscale 
agglomerates, on the order of approximately 400 nm, are present at both low and high 
filler content. The number average particle size of the nominally 25 nm A-treated silica 
nanoparticles is 27 +/- 6 nm. 
A B 
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Figure 7. TEM images of the 25 nm A-treated silica-filled epoxy nanocomposites at 2.5 
vol% (A & B) and 10 vol% (C & D) filler content. 
 
 The porous structure of the 35 nm A-treated silica nanoparticles is shown in 
Figure 8. The nanoparticles are well dispersed in the epoxy matrix at 2.5 vol% and 10 
vol% of filler content. Although inverse gas chromatography suggests inhomogeneous 
surface coating of the 35 nm A-treated silica nanoparticles, agglomeration is fairly 
limited. The number average particle size of the nominally 35 nm A-treated silica 
nanoparticles is 34 +/- 4 nm. 
A B 
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Figure 8. TEM images of the 35 nm A-treated silica-filled epoxy nanocomposites at 2.5 
vol% (A & B) and 10 vol% (C & D) filler content. 
 
 Finally, the morphology of the 100 nm A-treated silica-filled epoxy 
nanocomposites show a mixture of individual nanoparticles and nanoscale clusters. 
Structural porosity is also observed within the 100 nm A-treated silica nanoparticles. 
The number average particle size of the nominally 100 nm A-treated silica nanoparticles 
is 98 +/- 21 nm. 
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Figure 9. TEM images of the 100 nm A-treated silica-filled epoxy nanocomposites at 
2.5 vol% (A & B) and 10 vol% (C & D) filler content. 
 
 The size of the agglomerates in each system are approximately the same size at 
both low and high filler concentrations. Therefore, the origins of the agglomerates are 
most likely associated with the spray drying process performed after the silica 
nanoparticles were surface treated. The morphologies shown in Figures 5-9 differ from 
the nearly agglomerate-free morphologies obtained by previous studies using the same 
A
A 
B
B 
C
C 
D
D 
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curing conditions albeit with organosilane-treated silica nanoparticles ranging from 23 
nm to 170 nm [1,4].  
 TEM images are two-dimensional representations of three-dimensional space, 
therefore, on a volume fraction-basis these images can be used to describe the internal 
morphology of materials. A minimum of ten TEM images, similar to those shown in 
Figures 5-9, were analyzed to determine the fraction of nanoparticles, nanoscale 
agglomerates and micron-scales agglomerates that make up the total silica content found 
in each type of silica-filled epoxy nanocomposite. A through-thickness of 100 nm was 
assumed for each TEM images. In addition, it was assumed that each TEM image 
reflected the calculated filler content for each nanocomposite. Thus, the total volume 
fraction of nanoparticles, nanoscale agglomerates and micron-scales agglomerates, was 
determined relative to the total volume represented by each TEM image. In Table 6, the 
average fraction of nanoparticles, nanoscale agglomerates and micron-scales 
agglomerates for each system is summarized. Agglomerates were assumed to be on the 
micron-scale if the diameter of clusters was on the micron-scale (or if one axis of an 
ellipsoid was on the micron-scale). Based on the morphologies of the 2.5 vol% and 10 
vol% silica-filled epoxy nanocomposites, the morphologies of the intermediary filler 
concentrations (e.g. 5 vol% and 7.5 vol%) are assumed to have an analogous distribution 
of particles. 
 The non-treated (N) silica-filled epoxy nanocomposites consist primarily of 
nanoscale agglomerates with a low fraction of nanoparticles. The distribution of silica 
content changed slightly with increasing filler content, incrementally favoring micron-
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scale agglomerates up to 10 vol% of filler. Each of the A-treated silica-filled epoxy 
nanocomposites consisted primarily of nanoparticles with low concentrations of 
agglomerates. As the particle size of the A-treated silica decreased, the fraction of 
agglomerates increased. However, the structural differences between each type of A-
treated silica only slightly changed the distribution of nanoscale and the micron-scale 
agglomerates.  
Table 6. Compositional analysis depicting the fraction of nanoparticles, nanoscale 
agglomerates and micron-scale agglomerates relative to the total silica content for each 
cured nanocomposite. 
Filler Calculated 
Filler 
Content 
(vol%) 
   Fraction of  
Nanoparticles 
Fraction of  
Nanoscale 
Agglomerates 
Fraction of 
Micron-Scale 
Agglomerates 
Unmodified Epoxy 0 0% 0% 0% 
Non-Treated  
50 nm Silica 
Nanoparticles 
2.2 1% 94% 5% 
4.5 1% 93% 6% 
7.7 1% 92% 7% 
9.6 1% 91% 8% 
A-Treated 50 nm 
Silica 
Nanoparticles 
2.3 94% 1%   5% 
4.9 94% 1%   5% 
7.0 94% 1%   5% 
9.8 94% 1%   5% 
A-Treated 25 nm 
Silica 
2.4 93% 3% 4% 
4.8 92% 3% 5% 
7.3 90% 3% 7% 
9.8 89% 3% 8% 
A-Treated 35 nm 
Silica 
2.0 95% 2% 3% 
4.1 91% 3% 6% 
6.6 88% 4% 8% 
9.2 85% 6% 9% 
A-Treated 100 nm 
Silica 
2.4 95% 5% 0% 
4.9 95% 5% 0% 
7.5 95% 5% 0% 
9.9 95% 5% 0% 
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4.3.4 Thermal Analysis of Cured Nanocomposites 
 
 Table 7 summarizes the thermal analysis of each cured nanocomposite. The 
glass transition temperatures (𝑇) of the silica-filled epoxy nanocomposites were 
measured to be within 3°C of the measured 𝑇 of the cured unmodified epoxy. No 
significant trend was observed between 𝑇 and filler content for each type of silica-filled 
epoxy nanocomposite. Up to 10 vol% of each type of A-treated silica did not affect the 𝑇 of the nanocomposites, which agrees with the results obtained by Sanctuary et al. 
who found that silica nanoparticles produce a negligible shift in 𝑇 [16]. Furthermore, 
Baller et al. utilized rheological and temperature-modulated differential scanning 
calorimetry to further examine the interaction between silica nanoparticles and the 
epoxy matrix during cure which suggested that interactions between silica nanoparticle 
and the epoxy matrix are very weak and do not restrict network formation during cure 
[17]. Therefore, it is anticipated that similar as-cured conditions exist between the 
unmodified epoxy and each type of A-treated silica-filled epoxy nanocomposite used in 
this study. 
 The addition of each type of silica nanoparticle reduced the linear coefficient of 
thermal expansion (CTE) below and above 𝑇 (𝛼@ and 𝛼4, Table 7). The 𝛼@ was reduced 
from 83.5 +/- 1.6 ppm/°C, for the unmodified epoxy, to values ranging approximately 
from 58-67 ppm/°C in the 10 vol% silica-filled epoxy nanocomposites containing each 
type of silica nanoparticle. There were only slight differences between the CTE values 
obtained between each type of A-treated silica-filled epoxy nanocomposite. The CTE 
below 𝑇 was found to decrease with increasing filler content for each nanocomposite 
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system. As the concentration of the inorganic and rigid silica nanoparticles increases, 
the overall thermal stability of the nanocomposites also increases. Previously, the CTE 
of silica particles has been found to be 0.55 ppm/°C [18]. Beyond the higher temperature 
resistance associated with the silica nanoparticles as compared to the unmodified epoxy, 
their presence in the epoxy matrix may also lead to mechanical reinforcement which 
may restrict the mobility of the surrounding epoxy in response to increased thermal 
energy.  
 The same general trend is observed between CTE and filler content above 𝑇. 
The 𝛼@ data collected for each silica-filled epoxy nanocomposite system agrees with the 𝛼@ data obtained by Dittanet and Pearson for silica-filled epoxy nanocomposites 
containing 23-170 nm organosilane-treated silica nanoparticles [4]. However, the 𝛼4 
measurements are on approximately 30 ppm/°C higher than those found by Dittanet and 
Pearson in their silica-filled epoxy nanocomposites.  
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Table 7. Thermal analysis of each cured nanocomposite including glass transition 
temperature and CTE values above and below 𝑇. 
Filler Nominal 
Filler Content 
(vol%) 
𝑇 (°C) via 
DSC 
𝛼@, Linear 
CTE Below 𝑇 (ppm/°C) 𝛼4, Linear CTE Above 𝑇 (ppm/°C) 
Unmodified Epoxy 0 76.9 +/- 0.2 83.5 +/- 1.6 223.5 +/- 2.1 
Non-Treated 50 nm 
Silica  
2.5 78.8 +/- 0.4  75.2 +/- 3.7 242.0 +/- 9.9 
5 77.0 +/- 0.2 71.7 +/- 3.0 240.0 +/- 5.7 
7.5 78.4 +/- 0.8  69.9 +/- 2.7  218.0 +/- 12.7 
10 76.7 +/- 0.1 67.3 +/- 0.5 201.2 +/- 9.2 
A-Treated 50 nm 
Silica 
2.5 77.9 +/- 0.1 72.4 +/- 0.5 231.0 +/- 4.2 
5 78.5 +/- 0.3 71.5 +/- 0.6 225.5 +/- 2.1 
7.5 76.3 +/- 0.1 69.7 +/- 3.3 213.0 +/- 4.2 
10 78.9 +/- 0.3 66.3 +/- 1.8 211.0 +/- 0.5 
A-Treated 25 nm 
Silica 
2.5 77.2 +/- 0.7 74.1 +/- 3.9 229.0 +/- 8.5 
5 76.3 +/- 0.2 71.4 +/- 1.5 223.5 +/- 2.1 
7.5 76.8 +/- 0.1 70.0 +/- 1.7 215.5 +/- 0.7 
10 75.4 +/- 0.6 57.9 +/- 3.8 208.0 +/- 4.2 
A-Treated 35 nm 
Silica 
2.5 79.6 +/- 0.3 72.9 +/- 0.9 246.5 +/- 6.4 
5 77.7 +/- 0.5 71.8 +/- 0.8 229.5 +/- 6.4 
7.5 78.0 +/- 0.4 69.8 +/- 1.7 220.0 +/- 8.5 
10 77.5 +/- 0.5 67.7 +/- 0.2 210.0 +/- 0.4 
A-Treated 100 nm 
Silica 
2.5 79.0 +/- 0.5 74.1 +/- 1.3 234.5 +/- 0.7 
5 80.1 +/- 0.1  68.9 +/- 0.8 225.5 +/- 0.7 
7.5 79.7 +/- 0.4 66.3 +/- 2.4 215.0 +/- 7.1 
10 80.2 +/- 0.2 60.5 +/- 4.3 208.5 +/- 2.1 
 
 Modeling the CTE of polymer-based composites, particularly below 𝑇, is 
critical to anticipating the utility of these materials for industrial applications. Various 
models have been developed for modeling CTE [19]. Here, three models are used to 
generate anticipated CTE values for each silica-filled epoxy nanocomposite. The 
anticipated CTE values are then compared with the measured CTE values obtained by 
thermomechanical analysis.  
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 First, a rule of mixtures (ROM) model [20] is applied, where the individual 
CTE’s of the filler and matrix phases are weighted by the concentration of each phase 
in the composite. The ROM expresses the CTE of a composite as:  𝛼D = 	𝑉g𝛼g +	𝑉?𝛼?																																																																			(5) 
where 𝛼D, 𝛼g, 𝛼? are the CTE’s of the composite, matrix and filler, respectively, with 𝑉g and 𝑉? are the volume fraction of matrix and filler. Besides the CTE values of each 
phase, the ROM approach does not take into account any other materials properties and 
also ignores filler-matrix interactions.  
 Secondly, a modified ROM approach, proposed by Turner, is used, wherein the 
bulk modulus of the filler and matrix phases are incorporated into the ROM model [21]. 
Turner’s model anticipates the CTE of a composite to be expressed as:  
𝛼D = 	𝐾g𝑉g𝛼g +	𝐾?𝑉?𝛼?		𝐾g𝑉g +	𝐾?𝑉? 																																																																	(6) 
where 𝐾g and 𝐾? are the bulk modulus of the matrix and filler, respectively.  
 Finally, the Vo et al. model is used, which takes into account filler-matrix 
interactions [22]. The Vo et al. model expresses the CTE of a composite as:  
𝛼D = 	 1		1 +	𝐾0𝑉?𝑉g 𝑉?𝛼? +	𝑉g𝛼g +	𝐾0𝑉?𝑉g 𝛼g +	𝛼? 	+	𝐾0𝑉?𝑉g𝐾@	 																		(7) 
where 𝐾0 is a unit less factor which reflects the strength of the filler-matrix interaction 
and 𝐾@ is a a unit less measure of the temperature dependence of 𝐾0. 𝐾0 may be greater 
than or equal to zero. As 𝐾0 approaches zero, filler-matrix interactions become 
negligible. The larger the value of 𝐾0, the stronger anticipated interaction between the 
filler and the matrix. Additionally as shown in Figure 10, as 𝐾0 increases the relationship 
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between 𝛼D and filler content will become more non-linear. 𝐾@ can be either negative or 
positive. The Vo et al. model will anticipate lower values of CTE compared to the ROM 
model if 𝐾@ is negative and conversely anticipate higher values of CTE, compared to 
the ROM model, if 𝐾@ is positive.  
 
Figure 10. The effect of different K_0 values on the anticipated composite CTE based 
on the Vo et al. model [22]. 
 
 Figures 11 and 12 show a comparison of the measured CTE below and above 𝑇 
for each type of silica-filled epoxy nanocomposite and the anticipated values based on 
the ROM, Turner, and Vo et al. models. Table 8 summarizes the input parameters used 
during CTE modeling and Table 9 reports the 𝐾0 and 𝐾@ values established for each 
type of silica nanoparticle. 
 As shown in Figure 11, the ROM model overestimates the CTE below 𝑇 for 
each silica-filled epoxy nanocomposite. Furthermore, the ROM approach can not 
accurately depict the initial drop in CTE at low filler content. Since potential filler-
matrix interactions are ignored, the ROM approach is limited to anticipating a linear 
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relationship between CTE and filler content. The ROM model has yielded 
overestimated CTE values for other silica-filled epoxy systems as well [4, 22]. 
 
Figure 11. Comparison between measured CTE below 𝑇 and anticipated values based 
on the ROM [20], Turner [21], and Vo et al. [22] models for silica-filled epoxy 
nanocomposites containing: A) 50 nm non-treated (N) silica, B) 50 nm A-treated silica, 
C) 25 nm A-treated silica, D) 35 nm A-treated silica, and E) 100 nm A-treated silica. 
 
 The Turner model better approximates the non-linear relationship between CTE 
and filler content but underestimates CTE as compared to the measured data. The Turner 
model is dominated by the large difference between the bulk modulus of the filler as 
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compared to the bulk modulus of the matrix (Table 8). Therefore, the Turner model 
anticipates that the CTE of the nanocomposites will trend exponentially towards the 
CTE of the filler, which is much lower than the CTE of the matrix (Table 8).  
Table 8. Input parameters used for CTE modeling. 
Parameter Symbol Value Reference 
Bulk Modulus of Epoxy Matrix 𝐾g 5.23 GPa [4] 
Bulk Modulus of Silica Nanoparticles 𝐾? 35.35 GPa [4] 
CTE of Epoxy Matrix Below 𝑇 𝛼g 83.5 ppm/°C Measured 
CTE of Epoxy Matrix Above 𝑇 𝛼g 223.5 ppm/°C Measured  
CTE of silica particles  𝛼? 0.55 ppm/°C [18] 
 
 The best agreement between the measured and anticipated CTE (below 𝑇) was 
obtained with the Vo et al. model. The Vo et al. model was able to accurately account 
for the non-linear relationship between composite CTE and filler content for each silica-
filled epoxy nanocomposite. As shown in Table 9, 𝐾0 is lowest for the non-treated (N) 
silica while 𝐾0 is equal to the same value for each of the A-treated silica nanoparticles. 
Although, the absolute 𝐾0values are difficult to interpret, the differences between the 𝐾0 values for each type of treated-silica may articulate the relative filler-matrix 
interactions. The Vo et al. model anticipates that filler-matrix interactions are stronger 
between the epoxy matrix and the A-treated silica as compared to the non-treated (N) 
silica. 𝐾@ was set to -23 for each system. The value of 𝐾@ is negative which accurately 
interprets the lower measured values of CTE (below 𝑇) as compared with the ROM 
approach. In addition, since the measured CTE data for each silica-filled epoxy 
nanocomposite follows a similar trend with increasing filler content, it is assumed that 
the temperature dependence of each 𝐾0 value would also be similar.  
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Table 9. Input parameters established for each filler in the Vo et al. model. 
Filler 𝐾i 𝐾@ 
Non-Treated 50 nm Silica  15 -23 
A-Treated 50 nm Silica  18 -23 
A-Treated 25 nm Silica 18 -23 
A-Treated 35 nm Silica  18 -23 
A-Treated 100 nm Silica  18 -23 
 
 Significant disagreement was obtained between the anticipated and measured 
CTE, above 𝑇, for each type of silica-filled epoxy nanocomposite. The ROM approach 
provided the closest approximation of the measured data. Dittanet and Pearson showed 
similar agreement between the ROM approach and CTE above 𝑇 for their silica-filled 
epoxy nanocomposites [4]. As the CTE of the epoxy matrix is significantly larger above 𝑇 then below, the Turner model further underestimates the measured data by favoring 
an exponential decline toward the CTE of the filler. Using the same 𝐾0 and 𝐾@ values 
from Table 8, shows that the Vo et al. model also underestimates the CTE for each type 
of silica-filled epoxy nanocomposite. The Vo et al. model is intended to be used for 
determining CTE values below 𝑇 [22]. Above 𝑇, the Vo et al. model approaches the 
ROM as 𝐾0 goes to zero. However, intuitively, the values used for 𝐾0 should not change 
above and below 𝑇. 
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Figure 12. Comparison between measured CTE above 𝑇 and anticipated values based 
on the ROM [20], Turner [21], and Vo et al. [22] models for silica-filled epoxy 
nanocomposites containing: A) 50 nm non-treated (N) silica, B) 50 nm A-treated silica, 
C) 25 nm A-treated silica, D) 35 nm A-treated silica, and E) 100 nm A-treated silica. 
 
4.3.5 Mechanical Characterization of Cured Nanocomposites 
 
 Dynamic mechanical analysis (DMA) of silica-filled epoxy nanocomposites 
containing 10 vol% of non-treated (N) silica and each type of A-treated silica reveals 
that the storage modulus increases due to the presence of the silica nanoparticles. As 
shown in Figure 13, the storage modulus for each silica-filled epoxy nanocomposite is 
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higher than the storage modulus of the unmodified epoxy both in the glassy state (i.e. 
below 𝑇) and in the rubbery state (i.e. above 𝑇). The presence of the silica 
nanoparticles allows the nanocomposites to dissipate more strain energy upon shear 
deformation. There is no significant difference between the storage modulus of each A-
treated silica-filled epoxy nanocomposite in the glass state. However, in the rubbery 
state, the storage modulus is slightly larger in the silica-filled epoxy nanocomposites 
containing 10 vol% of non-treated (N) silica, 25 nm A-treated silica and 100 nm A-
treated silica.  
 
Figure 13. Comparison of storage modulus as a function of temperature for the 
unmodified epoxy and each 10 vol% silica-filled epoxy nanocomposite. 
 
Typically, differences in the storage modulus plateau in the rubbery state are 
associated with differences in crosslink density of epoxy-based materials. The number 
average molecular weight between crosslinks in the epoxy matrix may be calculated 
based on the theory of rubber elasticity [23]:  
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𝑀D 	= 	𝑞𝜌𝑅𝑇𝐺~ 																																																																(8) 
where 𝑀D is the number average molecular weight between crosslinks in the epoxy 
matrix, 𝑞 is the front factor, 𝑅 is the universal gas constant, 𝑇 is the temperature, 𝜌 is 
the density at temperature 𝑇 and 𝐺~ is the storage modulus of the epoxy in the rubbery 
state at temperature 𝑇. The front factor, 𝑞, was assumed to be equal to 1 and the 
temperature 𝑇 was set to 50 °C higher than the glass transition temperature, 
approximately 130 °C. The density at 130 °C was estimated based the CTE values 
obtained in Table 7. 𝐺~ for the unmodified epoxy was obtained directly from Figure 13. 
For the filled-systems, 𝐺~ was estimated using the Halpin-Tsai model [24] where:  
𝐺D 	= 	1	 + 	𝜉𝜂𝑉?	1 − 	𝜂𝑉? 𝐺g		𝑤𝑖𝑡ℎ	𝜂	 = 	 𝐺?𝐺g − 	1𝐺?𝐺g + 		𝜉 																																				(9)	 
where 𝐺D, 𝐺?, and 𝐺g (i.e. 𝐺~) are the modulus of the composite, filler and matrix, 
respectively, 𝜉 is the shape factor of the filler and is equal to 2 for spherical particles, 𝑉? is the volume fraction of filler. The shear modulus of the silica nanoparticles was 
assumed to be 30 GPa based on previous studies [4, 26].  𝐺D was determined from Figure 
13.  
 Table 10 shows the 𝑀D values for the unmodified epoxy and the 10 vol% cured 
silica-filled epoxy nanocomposites containing each type of silica. No significant 
difference in 𝑀D was observed. The calculated 𝑀D values range from 1095-1327 and are 
lower than the value of 1536 g/mol obtained by Liang and Pearson for the same 
unmodified epoxy system [2].  
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Table 10. Calculated number average molecular weight between crosslinks in the epoxy 
matrix for each DMA sample. 
DMA Sample 
Volume  
Expansion 
(¡¢	£0℃40℃ ) 
𝜌¡¢	£0℃ 
(g/cm3) 
𝐺D 
(MPa) 
𝐺~ 
(MPa) 
𝑀D 
(g/mol) 
None (Unmodified Epoxy) 4.2% 1.12 2.98 2.98 1257 
10 vol% 50 nm Non-Treated 4.0% 1.29 4.87 3.95 1091 
10 vol% 50 nm A-Treated 4.3% 1.25 4.07 3.29 1274 
10 vol% 25 nm A-Treated 4.5% 1.27 4.85 3.92 1086 
10 vol% 35 nm A-Treated 4.3% 1.18 4.26 3.48 1134 
10 vol% 200 nm A-Treated 4.4% 1.21 4.83 3.89 1050 
 
As shown in Figure 14, the presence of the 25 nm and 35 nm A-treated silica 
nanoparticles shifts the 𝑇 3°C lower as compared to the unmodified epoxy. Both the 
25 nm and the 35 nm A-treated silica do not significantly interact with the epoxy matrix 
and therefore the molecular mobility of the respective nanocomposites improves. The 
particle size of both types of A-treated silica may contribute to the observed rheological 
behavior. In contrast, each of the other silica nanoparticles did not significantly shift 𝑇 
as compared to the unmodified epoxy.  
 
Figure 14. Comparison of tan δ as a function of temperature for the unmodified epoxy 
and each 10 vol% silica-filled epoxy nanocomposite 
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The addition of up to 10 vol% of each type of A-treated silica did not alter the 
compressive yield stress with respect to the compressive yield stress of the cured 
unmodified epoxy. As shown in Table 11, the average compressive yield stress of the 
unmodified epoxy is 94.3 +/- 0.3 MPa. The average compressive yield stress for the 
silica-filled epoxy nanocomposites is within +/-7 MPa of the compressive yield stress 
of the unmodified epoxy. Similar yield stress behavior for silica-filled epoxy 
nanocomposites has been reported recently by many researchers [e.g. 2, 4, 25]. The 
compressive yield stress measurements suggest that surface treatment “A” does not 
allow for sufficient stress transfer between the silica nanoparticles and the epoxy matrix, 
therefore the filler-matrix interaction is relatively weak. Jumahat et al. showed that 
while yield stress values remain constant with particle loading, post-yielding the 
inclusion of silica nanoparticles does not obstruct strain-softening behavior and may 
promote additional mechanisms of energy dissipation prior to failure [25]. If the 
adhesion between an inorganic filler and the epoxy matrix is improved, then 
improvements in yield stress as a function of particle loading are conceivable. For 
micron-scale fillers, Kawaguchi and Pearson reported improved yield stress behavior as 
a function of particle loading when 42 µm diameter silica particles were surface-treated 
with adhesion promoters [26]. 
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Table 11. Measured mechanical properties of each silica-filled epoxy nanocomposite. 
Filler Nominal 
Filler 
Content 
(vol%) 
σy (MPa) KIC 
(MPa⋅m1/2) 
GIC (J/m2) 
Unmodified Epoxy 0 94.3 +/- 0.3 0.85 +/- 0.02 255 +/- 14 
Non-Treated 50 
nm Silica  
2.5 95.4 +/- 1.4  1.54 +/- 0.02  865 +/- 29 
5 93.5 +/- 0.6 1.84 +/- 0.04 1154 +/- 51 
7.5 95.1 +/- 1.0  1.94 +/- 0.06 1273 +/- 64 
10 95.3 +/- 0.6 2.17 +/- 0.04 1466 +/- 56 
A-Treated 50 nm 
Silica 
2.5 90.0 +/- 2.6 1.58 +/- 0.02   951 +/- 48 
5 89.4 +/- 2.4 1.84 +/- 0.04 1259 +/- 25 
7.5 97.7 +/- 0.3 2.17 +/- 0.04 1548 +/- 86 
10 96.7 +/- 0.5 2.38 +/- 0.02 1885 +/- 57 
A-Treated 25 nm 
Silica 
2.5 98.8 +/- 0.4 1.65 +/- 0.03 1076 +/- 61 
5 92.6 +/- 0.5 2.06 +/- 0.04 1442 +/- 75 
7.5 101.1 +/- 0.3 2.31 +/- 0.02 1952 +/- 49 
10 96.7 +/- 0.4 2.40 +/- 0.02 2007 +/- 137 
A-Treated 35 nm 
Silica 
2.5 94.6 +/- 1.0 1.62 +/- 0.02 1005 +/- 64 
5 97.3 +/- 0.8 1.96 +/- 0.04 1371 +/- 23 
7.5 98.9 +/- 0.3 2.18 +/- 0.05 1600 +/- 101 
10 99.7 +/- 0.3 2.30 +/- 0.06 1799 +/- 52 
A-Treated 100 nm 
Silica 
2.5 96.3 +/- 0.4 1.50 +/- 0.06    852 +/- 17 
5 94.8 +/- 0.6 1.82 +/- 0.09  1197 +/- 64 
7.5 96.5 +/- 0.4 2.14 +/- 0.08    1472 +/- 4 
10 96.0 +/- 1.2 2.22 +/- 0.06 1656 +/- 55 
 
 The fracture toughness (KIC) of the silica-filled epoxy nanocomposites is 
significantly higher than the fracture toughness of the cured unmodified epoxy. In the 
cured unmodified epoxy, KIC was measured as 0.85 +/- 0.02 MPa⋅m1/2 (Table 11). The 
addition of 2.5 vol% of either non-treated (N) silica or each type of A-treated silica 
resulted in fracture toughness values ranging between 1.54 – 1.65 MPa⋅m1/2. 
Furthermore, fracture toughness improved with increasing silica content for each silica-
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filled epoxy nanocomposite. At 10 vol% of non-treated (N) silica, the fracture toughness 
reaching 2.17 +/- 0.04 MPa⋅m1/2. On average, at 10 vol% of filler, each of the A-treated 
silica-filled epoxy nanocomposites attained higher fracture toughness than the non-
treated (N) silica. The highest fracture toughness values are obtained with 25 nm and 
50 nm A-treated silica nanoparticles, 2.40 +/- 0.02 MPa⋅m1/2 and 2.38 +/- 0.02 MPa⋅m1/2, 
respectively. The structural differences between the A-treated silica nanoparticles did 
not have a significant impact on fracture toughness. The fracture toughness of the 35 
nm A-treated silica-filled epoxy nanocomposites is fairly comparable to the fracture 
toughness of the 50 nm A-treated silica-filled epoxy nanocomposites. While, the 100 
nm A-treated silica-filled epoxy nanocomposite showed the lowest incremental 
improvement in fracture toughness with increasing filler content, the values are within 
error of the other A-treated silica-filled epoxy nanocomposites.   
As shown in Figure 15, the non-treated (N) and A-treated silica-filled epoxy 
nanocomposites show varying degrees of logarithmic improvement in fracture 
toughness with silica content. The general trend of a logarithmic improvement in 
fracture toughness for silica-filled epoxy nanocomposites has been observed previously 
[e.g. 1-4]. The KIC values obtained for the non-treated (N) silica-filled epoxy 
nanocomposites agree with the KIC measurements reported by Liang and Pearson for 80 
nm silica-filled epoxy nanocomposites [2] and by Dittanet and Pearson for 23nm, 74 
nm and 170 nm silica-filled epoxy nanocomposites [4]. The A-treated silica-filled epoxy 
nanocomposites also agree with the previously collected data although, the fracture 
toughness of the 25 nm, 35 nm and 50 nm A-treated-silica at 10 vol% better match the 
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fracture toughness’s attained between 10-15 vol% in the previous studies [2, 4]. The 
data suggests that favorable filler-matrix interaction may incrementally improve 
fracture toughness, for instance requiring slightly lower filler content for achieving a 
given level of fracture toughness.  
 
Figure 15. Fracture toughness as a function of filler content for each type of silica-filled 
epoxy nanocomposite. 
 
 The change in fracture energy (GIC) for each type of silica-filled epoxy 
nanocomposite is shown in Figure 16. The addition of 2.5 vol% of each type of A-
treated silica improves GIC from 255 J/m2 for the unmodified epoxy to approximately 
850 – 1050 J/m2. Fracture energy increased with increasing silica content but the 
improvement in fracture energy is different for each system. For instance, the 25 nm A-
treated silica-filled epoxy nanocomposites show an increase in fracture energy until 7.5 
vol%, after which the fracture energy plateaus. In contrast, the 50 nm A-treated silica 
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shows an almost linear increase in fracture energy from 0 – 10 vol%. Both Liang and 
Pearson [2] and Dittanet and Pearson [4] have shown increases in estimated GIC values 
with increasing filler content for silica-filled epoxy nanocomposites.  However, the 
measured GIC values obtained here show that improvements in fracture energy with 
filler content can be influenced by variations in particle size and structure. Both 
parameters impact particle content, dispersion, and the effectiveness of the underlying 
toughening mechanisms employed by these systems. 
 
Figure 16. Fracture energy as a of function filler content for each type of silica-filled 
epoxy nanocomposite. 
 
4.3.6 Fractography of Nanocomposites 
 
4.3.6.1 Evidence of Particle Debonding & Void Growth 
 
Figures 17-36 show SEM images taken as a function of distance away from the 
crack tip for the 2.5 vol%, 5 vol%, 7.5 vol% and 10 vol% concentrations of each type 
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of silica-filled epoxy nanocomposite. Certain characteristics are shared between the 
SEM images. In general, the fracture surfaces of each nanocomposite appear to be 
rougher in the areas closer to the crack tip than the areas further away. The rougher areas 
seem to correspond to the presence of toughening mechanisms which are initiated and 
localized within the first ~100 µm ahead of the crack tip. At distances greater than ~500 
µm away from the crack tip fast fracture dominates and consequently the surfaces 
appear smoother. The transition from a rougher to a smoother surface occurs further 
away from the crack tip with increasing filler content. Furthermore, significant 
interactions between microcracks and agglomerates are readily observed. In each 
nanocomposite, microcracking between particles at the nanoscale and the micron-scale 
is observed. In addition, particle debonding associated with either void growth prior to 
crack propagation or resulting from crack-filler interactions after crack propagation is 
found near the crack tips of each type of silica-filled epoxy nanocomposite.  
The SEM images of the non-treated (N) silica-filled epoxy nanocomposites 
(Figures 17-20) shows that the presence of micron-scale agglomerates can significantly 
alter the direction of the microcracks. Thereafter, the path of the microcracks has a 
tremendous affect on the shape of the voids left by debonded particles on the fracture 
surface.  
On the fracture surfaces of the 50 nm A-treated silica-filed epoxy 
nanocomposites (Figures 21-24) microcracking between particles is readily observed. 
In addition, voided particles are observed in the areas closest to the crack tips at each 
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filler concentration. Analogous behavior is observed in the 35 nm A-treated silica-filled 
epoxy nanocomposites (Figures 29-32).  
On the fracture surfaces of the 25 nm A-treated silica-filled epoxy 
nanocomposites (Figures 25-28) micron-scale voids due to the debonding of 
agglomerates are present. The features around the debonded micron-scale voids 
suggests that the agglomerates debonded after the crack began to propagate through the 
samples. Finally, in the 100 nm A-treated silica-filled epoxy nanocomposites (Figures 
33-36) microcracking and particle debonding are readily observed. Tail-mark features 
are seen around individual nanoparticles which suggests crack bifurcation and the 
propagation of secondary cracks around nanoparticles.  
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Figure 17. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 18. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 19. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 20. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm non-treated (N) silica-filled epoxy nanocomposite. The crack direction 
is north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 21. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 22. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 23. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 24. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 50 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
 
 246 
 
Figure 25. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 25 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 26. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 25 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 27. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 25 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 28. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 25 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 29. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 35 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 30. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 35 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 31. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 35 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 32. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 35 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 33. SEM images of the area ahead of the crack tip on the fracture surface of the 
2.5 vol% 100 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 34. SEM images of the area ahead of the crack tip on the fracture surface of the 
5 vol% 100 nm A-treated silica-filled epoxy nanocomposite. The crack direction is north 
to south on each image. At the top left of each SEM image, the location of that image 
relative to the crack tip is shown. 
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Figure 35. SEM images of the area ahead of the crack tip on the fracture surface of the 
7.5 vol% 100 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
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Figure 36. SEM images of the area ahead of the crack tip on the fracture surface of the 
10 vol% 100 nm A-treated silica-filled epoxy nanocomposite. The crack direction is 
north to south on each image. At the top left of each SEM image, the location of that 
image relative to the crack tip is shown. 
 
Using the same criteria as established in Chapter 2, the SEM images in Figures 
17-36 were analyzed to determine the fraction of particles contributing to a void growth 
toughening mechanism which occurs prior to crack propagation. The fraction of 
particles on each SEM image which meet the criteria for void growth is determined by:   𝑓 = 	 𝑛𝑛 + 𝑛 																																																											(10) 
where 𝑛 is the number of voids left on the fracture surface that meet the criteria for 
void growth and 𝑛 is the number of well-bonded filler particles present in each SEM 
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image. Figures 37-41, show the running average of 𝑓 as a function of distance away 
from the crack tip for each type of silica-filled epoxy nanocomposite.  
On the majority of nanocomposites, 𝑓 did not reach a maximum at the crack 
tip (within the first 5 microns) but does reach a peak within the first 50 µm ahead of the 
crack tip. In addition, 𝑓 does change with filler content but the trends differ between 
systems. The distribution of nanoscale and micron-scale agglomerates significantly 
impacts the measured 𝑓 and therefore the trend between 𝑓 and filler content is not 
as clearly observed as in Chapter 1. Overall, the running average 𝑓 was highest in the 
50 nm A-treated silica-filled epoxy nanocomposite, ranging from 3% - 18%, with peak 
values occurring at 7.5 vol%. The lowest running averages of 𝑓, ranging from 0% - 
4%, were found in the nanocomposites containing the smallest particle size, 25 nm and 
35 nm A-treated silica. The 𝑓 ranged between 1% - 5% for the nanocomposites 
containing 50 nm non-treated (N) silica and 100 nm A-treated silica. 
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Figure 37. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm non-treated (N) silica-filled epoxy nanocomposites. The 
inset graph highlights the data for the first 150 µm ahead of the crack tip. 
 
 
Figure 38. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 50 nm A-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
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Figure 39. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 25 nm A-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
 
 
Figure 40. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 35 nm A-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
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Figure 41. Comparison of the running-average fraction of particles contributing to 
toughening via void growth as a function of distance ahead of the crack tip on the 
fracture surfaces of the 100 nm A-treated silica-filled epoxy nanocomposites. The inset 
graph highlights the data for the first 150 µm ahead of the crack tip. 
 
 The diameters of voids which met the established criteria for 𝑓 were measured 
from the SEM images in Figures 17-36. Overall, the void diameter measurements were 
independent of filler content. The number average void diameter for the non-treated 
silica nanoparticles is 79 nm +/- 20 nm which represents void growth of approximately 
29% relative to the number average particle size on the non-treated (N) silica. The 
number average void diameters for the A-treated silica nanoparticles are: 71 nm +/- 16 
nm (30% void growth) for the 50 nm A-treated silica, 35 nm +/- 7 nm (29% void growth) 
for the 25 nm A-treated silica, 44 nm +/- 4 nm (29% void growth) for the 35 nm A-
treated silica and 110 nm +/- 10 nm (12% void growth) for the 100 nm A-treated silica. 
The void growth observed in these systems is significantly lower than the ~45% void 
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growth observed previous in literature for silica-filled epoxy nanocomposites [1-4]. The 
presence of nanoscale and micron-scale agglomerates may significantly restrict matrix 
plasticity and therefore contribute to lower than expected void growth. 
4.3.6.2 Evidence of Matrix Shear Banding 
 
Figures 42-47 show TOM images under bright field and cross-polarized light for 
the cured unmodified epoxy and silica-filled epoxy nanocomposites containing 2.5 
vol%, 5 vol% and 10 vol% of non-treated (N) silica and each type of A-treated silica. 
Each image in Figures 42-47 shows the cross section of a fractured sample. The fracture 
surface is designated by the line in the middle of each image. The sample subsurface is 
shown in the lower-half of each image. Subsurface damage was found in the areas just 
ahead of the crack tip. The dark bands in the bright field TOM images (left side of 
Figures 42-47) have been attributed to dilation bands [2, 4], microcracks [27, 28], and 
microshear bands [29, 30]. In Chapter 2, evidence was provided for interpreting these 
features as microcracks.  
The bright birefringent regions in the cross-polarized TOM images have been 
attributed to matrix shear banding by many researchers [e.g. 1-4]. When a load is applied 
to a matrix that is filled with rigid particles, stress concentrations arise due to the 
modulus mismatch between the two phases [31]. Near the crack tip, triaxial tensile 
stresses promote particle-matrix debonding. The debonding process absorbs little 
energy compared to the plastic deformation of the matrix. However, debonding is 
essential because it reduces the triaxial constraint at the crack tip and allows the matrix 
to deform plastically via a void growth mechanism [1]. Matrix void growth alleviates 
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the degree of triaxial stress within the matrix. Additionally, the change in stress state 
near the crack tip facilitates matrix shear yielding and the local interaction of stress 
fields gives rise to shear bands. Shear bands form at ~45° to the applied stress and their 
growth is driven by the incremental reduction in stress in the matrix. The size of the 
plastic zone increases with increasing filler content for the non-treated (N) and each of 
the A-treated silica-filled epoxy nanocomposites. The size of the plastic zone is 
measured as a function of depth into the sample from the fracture surface. The increase 
in the size of the plastic zone with increasing filler content corresponds to the increase 
in fracture toughness with increasing filler content observed for each type of 
nanocomposite.  
The measured depth of the plastic zone can be compared to the radius of the 
plastic zone predicted by Irwin’s model [32]. Assuming linear elastic fracture mechanics 
(LEFM) and under plane-strain conditions, the predicted radius of the plastic zone is 
defined as follows: 
𝑟A = 	 16𝜋 𝐾GT𝜎N 4 																																																												(11) 
where 𝑟A is the radius of the plastic zone, 𝐾GT  is the plane-strain fracture toughness, and 𝜎N is the yield stress in tension which was obtained by taking 0.7 times the measured 
compressive yield stress as outlined in ASTM D5045 [12]. Figure 48A shows a 
comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone by Irwin’s Model. Overall, the measured values were lower than the 
predicted values. The slopes of the linear fit of the data in Figure 48A ranged from 0.43 
to 0.6, which are nearly 50% lower than the slopes ranging from .76 to .89 obtained by 
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Dittanet and Pearson for the silica-filled epoxy nanocomposites containing 23-170 nm 
particles [4].  In Figure 48B, the measured depth of the plastic zone is plotted against 
the (KIC/σy)2 component of Equation 11. A linear fit of the data in Figure 48B yields 
slopes ranging from 0.023 to 0.036 which are lower than the predicted slope form 
Irwin’s model which is 1/6π or 0.053. In addition, the measured slopes are lower than 
the slope of 0.045 reported by Liang and Pearson for 80 nm silica particles [2], the slope 
of 0.047 reported Dittanet and Pearson for 170 nm silica particles [4], and the slope of 
0.046 obtained in Chapter 1 for 100 nm silica particles. The presence of agglomeration 
in each of the systems studied in this chapter may account for the lower than expected 
slopes obtained from both graphs in Figure 48. The agglomerates may hinder the 
formation and propagation of shear bands within the epoxy matrix.  
 Similar to the observations in Chapter 1, the Irwin model does not reflect the 
elliptical shape of the plastic zones observed in the cross-polarized TOM images. The 
Irwin model predicts a circular plastic zone. In this study, the length of the plastic zones, 
in the direction parallel to the fracture surface, increases with increasing filler content. 
The evidence of appreciable running-average measurements of 𝑓 in the regions further 
away from the crack tip (Figures 37-41) may support the formation of shear bands in 
those same regions. Consequently, the length of the plastic zone, in the direction parallel 
to the fracture surface would extend further away from the crack tip.  
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Figure 42. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the cured unmodified epoxy: A) under bright field and B) cross-polarized 
light. The crack direction is left to right for each image. 
 
 
Figure 43. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the non-treated (N) silica-filled epoxy nanocomposites: under bright field (A, 
C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
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Figure 44. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the 50 nm A-treated silica-filled epoxy nanocomposites: under bright field 
(A, C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
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Figure 45. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the 25 nm A-treated silica-filled epoxy nanocomposites: under bright field 
(A, C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
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Figure 46. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the 35 nm A-treated silica-filled epoxy nanocomposites: under bright field 
(A, C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
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Figure 47. TOM images of the subsurface damage ahead of the crack tip on the fracture 
surface of the 100 nm A-treated silica-filled epoxy nanocomposites: under bright field 
(A, C, E) and cross-polarized light (B, D, F). The crack direction is left to right for each 
image. 
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Figure 48. Plastic zone analysis for each silica-filled epoxy nanocomposite: A) 
Comparison of the measured depth of the plastic zone to the predicted radius of the 
plastic zone based on Irwin’s Model and B) Plot of the measured depth of the plastic 
zone versus (KIC/σy)2. The dashed lines in both plots are the linear fit of the data for 
each system.   
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4.3.6.3 Evidence of Microcracking 
 
 Microcracking due to crack-filler interactions is readily observed on the fracture 
surfaces for each type of silica-filled epoxy nanocomposite (Figures 17-36). Various 
features on the fracture surfaces suggest crack bifurcation when the crack interacts with 
agglomerates and nanoparticles. Figure 49 shows some examples of microcracking in 
the regions ahead of the crack tip from select non-treated (N) and A-treated silica-filled 
epoxy nanocomposites.  
The arrows in Figure 49A show the bifurcation of the crack as it transverses a 
micron-scale agglomerate on the fracture surface of the 5 vol% 50 nm non-treated silica-
filled epoxy nanocomposite. The circles in Figure 49A show the propagation of 
secondary microcracks as the main crack front moves past the agglomerate. In Figure 
49B, analogous features are found for both nanoscale agglomerates and individual 
nanoparticles on the fracture surface of the 5 vol% 50 nm A-treated silica-filled epoxy 
nanocomposites. Some of the circles in Figures 49C and 49E highlight voids left by out-
of-plane (relative to the fracture surface) microcracks. Finally, Figure 49D shows 
evidence of microcracks deflected by individual nanoparticles which ultimately 
increases the total crack length traveled by the crack as it propagates through the sample. 
Therefore, subcritical crack growth by the formation of microcracks is an additional 
toughening mechanism employed by silica-filled epoxy nanocomposites. 
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Figure 49. SEM images of fracture surfaces from the regions ahead of the crack tip 
highlighting microcracking features found on silica-filled epoxy nanocomposites 
containing: A) 5 vol% 50 nm non-treated (N) silica, B) 5 vol% 50 nm A-treated silica, 
C) 5 vol% 25 nm A-treated silica, D) 2.5 vol% 35 nm A-treated silica and E) 10 vol% 
100 nm A-treated silica. The crack direction in each image is north to south. 
 
 The dark bands found on the bright field TOM images (Figures 43-47) are also 
evidence of microcracks propagating ahead of the crack tip. Similar to the procedure 
outlined in Chapter 2, TOM samples containing 10 vol% of 50 nm and 200 nm A-treated 
silica were annealed for 1 hour at 100 °C. Figure 50 shows the bright field and cross-
polarized TOM images of the silica-filled epoxy nanocomposites after the samples were 
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allowed to cool to room temperature. Similar to the after-annealed samples imaged in 
Chapter 2, it was difficult to find microcracks using optical microscopy. However, after 
carefully adjusting the optical focus, the microcracks are shown to still be present in the 
samples. The arrows in each bright field TOM images (Figure 50) highlight the 
microcracks. Upon annealing, the microcracks begin to close and the gaps between the 
microcrack surfaces enters the nanoscale. Previous studies have shown that crack 
closure occurs in epoxies with sufficient time spent above the glass transition 
temperature [33-34]. The presence of micro-scale agglomerates within the samples and 
polishing artifacts around the samples further complicates the imaging of the annealed 
samples through optical microscopy. Another important observation from the TOM 
images in Figure 50 is found from the absence of birefringence in the cross-polarized 
TOM images. The plastic deformation, observed in the samples prior to annealing, 
caused by the formation of matrix shear bands was completely recovered after the 
annealing treatment.  
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Figure 50. TOM images under bright field (left side) and cross-polarized light (right 
side) of the subsurface damage ahead of the crack tip on the fracture surface of each 
system after annealing: 10 vol% 50 nm A-treated silica-filled epoxy nanocomposite (A 
& B) and 10 vol% 200 nm A-treated silica-filled epoxy nanocomposite (C & D). The 
crack direction is left to right for each image. The arrows depict the presence of 
microcracks. 
 
4.3.7 Contribution of Toughening Mechanisms 
 
 Attempts at modeling the contribution of toughening mechanisms to the overall 
fracture energy in silica-filled epoxy nanocomposites take their roots from early efforts 
by Evans et al. [35] and Huang and Kinloch [36] on rubber-toughened polymers. Huang 
and Kinloch proposed that the fracture energy of particle-filled epoxies may be 
represented as:  𝐺GD = 	𝐺GD + 	Ψ																																																																			(12) 
where the fracture energy of the filled epoxy, 𝐺GD, is equivalent to the sum of the fracture 
energy of the unmodified epoxy (i.e. the matrix), 𝐺GD, and the toughening contributions, Ψ, that arise due to particle loading. Previous studies on the fracture behavior of silica-
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filled epoxy nanocomposites have only accounted for two toughening mechanisms: 
particle debonding with subsequent void growth and matrix shear banding. However, in 
this study, we have found evidence for three toughening mechanisms: debonding with 
subsequent void growth, matrix shearbanding and matrix microcracking. Therefore, the 
total toughening contributions, Ψ, is expressed as: Ψ =	Δ𝐺 + Δ𝐺; 	+ Δ𝐺gD																																																				(13) 
Where Δ𝐺, Δ𝐺; and, Δ𝐺gD are the energy contributions from particle debonding with 
subsequent void growth, matrix shear banding and microcracking, respectively. The 
expressions for Δ𝐺 and Δ𝐺; are based on the Huang and Kinloch model. The expression 
for Δ𝐺gD is based on the microcracking model developed by Gao and Wang [37].   
In the Huang and Kinloch model, the energy contribution from particle 
debonding with subsequent void growth is expressed as: 
Δ𝐺 = 1 − 𝜇g43 𝑉? − 𝑉?~ 𝐾g4𝜎ND𝑟N																																							(14) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
epoxy, 𝑉? is the volume fraction of voids, 𝑉?~ is the volume fraction of particles, 𝐾g 
is the maximum stress concentration factor of the von Mises stress in the epoxy matrix, 𝜎ND is the compressive yield stress, and 𝑟N is the radius of the plastic zone. The values 
of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 2.22, respectively 
[36, 38]. The values of 𝜎ND and 𝑟N for each system were measured in this study. Finally, 
the 𝑉? − 𝑉?~  parameter was obtained using the relation developed by Liang and 
Pearson [2]: 
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𝑉? − 𝑉?~ = 	 𝑣𝑣 +	𝑣g − 𝑣A𝑣A +	𝑣g 																																								(15) 
where 𝑣 is the volume of voids, 𝑣A is the volume of particles, 𝑣g is the volume of the 
matrix. The volume of voids was calculated using the average void diameter obtained 
from the SEM images in Figure 17-36. The volume of particles was calculated from the 
average particle size obtained from TEM images in Figures 5-9. The volume of matrix 
was based on thermogravimetric analysis.  
 In the Huang and Kinloch model, the energy contribution from matrix shear 
banding is expressed as: 
Δ𝐺; = 	0.5 1 + 𝜇g3 4 4𝜋3𝑉? @/` − 5435 𝐾g4	𝑉?	𝜎ND𝛾?𝑟N																												(16) 
where 𝜇g is a factor for the pressure dependence of the von Mises yield criterion for 
epoxy, 𝑉? is the volume fraction of particles, 𝐾g is the maximum stress concentration 
factor of the von Mises stress in the epoxy matrix, 𝜎ND is the compressive yield stress,  𝛾? is the shear fracture strain of the epoxy matrix and 𝑟N is the radius of the plastic zone. 
Again, the values of 𝜇g	and 𝐾g for epoxy have been previously found to be 0.2 and 
2.22, respectively [36, 38]. The volume fraction of particles was based on 
thermogravimetric analysis. The values of 𝜎ND and 𝑟N for each system were measured in 
this study. The value for 𝛾? was found previously to be 0.71 for this epoxy [38]. Table 
12 summarizes the parameters of the cured unmodified epoxy used for modeling. Table 
13 summarizes the parameters of the silica-filled epoxy nanocomposites used for 
modeling.  
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Table 12. Summary of the parameters of the cured neat epoxy used for fracture energy 
modeling. 
Parameter Symbol Value Reference 
Pressure dependence of the von Mises 
yield criterion for epoxy 
𝜇g 0.2 [36] 
Maximum stress concentration factor of 
the von Mises stress in the epoxy matrix 
𝐾g 2.22 [38] 
Compressive yield stress of the epoxy 
matrix 
𝜎ND 94.3 MPa Measured 
Radius of the plastic zone of the epoxy 
matrix 
𝑟N 7.7 µm Measured  
Shear fracture strain of this epoxy matrix 𝛾? 0.71 [38] 
 
Table 13. Summary of the parameters of the silica-filled epoxy nanocomposites used 
for fracture energy modeling. 
Parameter Symbol Value(s) Reference 
Volume Fraction of Silica Nanoparticles 𝑉? Range Measured 
Compressive yield stress of the silica-filled 
epoxy nanocomposites 
𝜎ND Range Measured 
Depth of the plastic zone of the silica-filled 
epoxy nanocomposites 
𝑟N Range Measured  
Average Particle Diameter   Range Measured 
Average Void Diameter  Range Measured 
 
 In the Gao and Wang model [37], the energy contribution from microcracking is 
expressed as: 
Δ𝐺gD = 	2𝛾0 11 −	𝜋2 𝜌(3 − 𝜋𝜌) × 2cos 𝛽2
log 2log cos 𝛽2 −1 − 𝑝𝑎 𝜌1 −	𝜌𝜋2 1 2 (17) 
where 𝛾0 is the fracture energy of the unmodified epoxy, 𝜌 is the dimensionless density 
of microcracks, 𝛽 is the angle of branching (i.e. bifurcating) and 𝑝 𝑎 is the ratio of the 
depth of the plastic zone to the depth of the microcracks. The fracture energy of the 
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unmodified epoxy (𝛾0) was measured. It is difficult to estimate the angle of branching 
from the SEM images in Figures 17-36. Therefore, 𝛽 was approximated to be 90°, 
implying that the secondary cracks produced by crack-filler interactions form 45° angles 
with the filler particles. Gao and Wang found that generally the angle of branching is 
90° or smaller [37]. The ratio of the depth of the plastic zone to the length of the 
microcracks is obtained by measuring the depth of the plastic zone from the cross-
polarized TOM images to the depth of the microcracks in the bright field TOM images. 
The density of microcracks (𝜌) is the main variable parameter in the Gao and Wang 
model. Tables 14 and 15 show the parameters used for modeling the contribution of 
microcracking to overall fracture energy for each silica-filled epoxy nanocomposite.  
Table 14. Summary of the microcracking input parameters used for fracture energy 
modeling. 
Microcracking Parameters Symbol Value(s) Reference 
Fracture Energy of unmodified epoxy 𝛾0 255 J/m2 Measured 
Angle of Branching 𝛽 90° [37] 
Ratio of the depth of the plastic zone to the 
depth of the microcracks 
𝑝𝑎 Range Measured 
Microcrack Density 𝜌 Range Calculated 
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Table 15. Summary of the final microcracking parameters established during fracture 
energy modeling. 
Filler Filler Content 
(vol%) 
𝑝𝑎 Microcrack Density (𝜌) 
 2.2 0.43 0.474 
50 nm N 4.5 0.75 0.412 
 7.7 0.69 0.428 
 9.6 0.70 0.434 
 2.3 0.73 0.393 
 50 nm A 4.9 0.67 0.409 
7.0 0.69 0.402 
9.8 0.71 0.398 
 2.4 0.81 0.384 
25 nm A 4.8 0.89 0.375 
 7.3 0.74 0.419 
 9.8 0.59 0.450 
 2.0 0.73 0.397 
35 nm A 4.1 0.67 0.422 
 6.6 0.81 0.388 
 9.2 0.94 0.355 
 2.4 0.54 0.432 
100 nm A 4.9 0.67 0.416 
 7.5 0.62 0.435 
 9.9 0.56 0.452 
 
 In Figures 51-55, the experimental fracture energy data for each type of silica-
filled epoxy nanocomposite is compared with the anticipated fracture energy based on 
analytical models from Huang & Kinloch [36], Bray et al. [39] and a proposed model 
developed in this study. Table 16 summarizes the contribution of each individual 
toughening mechanism present in each analytical model.  
 When applied to silica-filled epoxy nanocomposites, the Huang & Kinloch model 
assumes 100% particle debonding and therefore fracture energy is modeled as:  𝐺GD = 	𝐺GD +	Δ𝐺 + Δ𝐺;																																																									(18) 
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Various researchers have suggested that the contribution of Δ𝐺 should be scaled to the 
amount of particle debonding observed ahead of the crack tip [2, 4, 39]. Bray et al. have 
developed the most recent modification to the Huang & Kinloch model with fracture 
energy modeled as [39]:  𝐺GD = 	𝐺GD +	 .143Δ𝐺 + Δ𝐺;																																																(19) 
 As shown in Figure 51-55, both the Huang & Kinloch model and the analysis by 
Bray et al. underestimate the fracture energy for the non-treated (N) silica-filled epoxy 
nanocomposites and each type of A-treated silica-filled epoxy nanocomposites. The 
effectiveness of both approaches is based largely on the volume fraction of silica 
nanoparticles present in each nanocomposite. As shown earlier in Table 6, the fraction 
of individual nanoparticles varies considerable between the non-treated (N) and A-
treated silica nanoparticles. The non-treated (N) silica-filled epoxy nanocomposites 
present the extreme condition in which at most 1% of the filler content is made up of 
individual nanoparticles. Therefore, the contributions of void growth and matrix shear 
banding are greatly suppressed and can not account for the increases in fracture energy 
found with increasing filler content in the non-treated (N) silica-filled epoxy 
nanocomposites. 
 As the distribution of individual nanoparticles improved with the use of the A-
treated silica, both methods approach the measured fracture energy. The Huang & 
Kinloch model anticipates higher fracture energies, at higher filler contents, than were 
measured for the 35 nm and 50 nm A-treated silica-filled epoxy nanocomposites. As 
shown in Table 16, Δ𝐺 and Δ𝐺; increase exponentially with increasing filler content. 
 281 
Therefore, the change in fracture energy with filler content for both the Huang & 
Kinloch model and the analysis by Bray et al. also follows an exponential trend. In 
contrast, the measured fracture energy increase logarithmically with increasing filler 
content.  
 
Figure 51. Experimental fracture energy data for the 50 nm non-treated (N) silica-filled 
epoxy nanocomposite compared and with analytical models from Huang & Kinloch 
[36], Bray et al. [39] and the proposed model developed in this study. 
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Figure 52. Experimental fracture energy data for the 50 nm A-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
 
 
Figure 53. Experimental fracture energy data for the 25 nm A-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
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Figure 54. Experimental fracture energy data for the 35 nm A-treated silica-filled epoxy 
nanocomposite compared and with analytical models from Huang & Kinloch [36], Bray 
et al. [39] and the proposed model developed in this study. 
 
Figure 55. Experimental fracture energy data for the 100 nm A-treated silica-filled 
epoxy nanocomposite compared and with analytical models from Huang & Kinloch 
[36], Bray et al. [39] and the proposed model developed in this study. 
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Table 16. Summary of the individual contribution from each toughening mechanism 
established with analytical models from Huang & Kinloch [36], Bray et al. [39] and the 
proposed model developed in this study. 
Filler Silica 
Content 
(vol%) 
Huang & 
Kinloch 
(J/m2) 
Bray et al.  
(J/m2) 
This Work 
(J/m2) 
 
 
 
 50 nm N 
 ∆GV ∆GS .143∆GV ∆GS fVG∆GV ∆GS (1- fVG )∆GMC 
2.2 1 6 0.07 6 0.02 6 604 
4.5 3 27 0.5 27 0.11 27 877 
7.7 8  47 1 47 0.15 47 978 
9.6 14 70 2 70 0.11 70 1141 
 2.3 129 202 18 202 1 202 500 
 50 nm A 4.9 393 455 56 455 35 455 511 
7.0 779 778 111 778 58 778 463 
9.8 1265 1108 181 1108 45 1108 483 
 2.4 136 226 19 226 2 226 597 
25 nm A 4.8 399 503 57 503 3 503 690 
 7.3 648 697 93 697 1 697 993 
 9.8 828 795 118 795 7 795 950 
 2.0 113 202 16 202 1 202 541 
35 nm A 4.1 232 315 33 315 4 315 803 
 6.6 585 665 84 665 6 665 668 
 9.2 1060 1074 152 1074 12 1074 487 
 2.4 38 177 6 177 1 177 423 
100 nm A 4.9 83 283 12 283 3 283 656 
 7.5 149 422 21 422 5 422 784 
    9.9 223 554 32 554 12 554 847 
 
 In the current study, it is observed that particle debonding not only changes as a 
function of filler content but also as a function of distance ahead of the crack tip. 
Furthermore, evidence of microcracking ahead of the crack tip is observed. Therefore, 
the following model is proposed:  𝐺GD = 	𝐺GD +	𝑓Δ𝐺 + Δ𝐺; + 1 − 𝑓 Δ𝐺gD																															(20) 
In the proposed model, the contribution of Δ𝐺 is scaled with the fraction of particles 
contributing to void growth (𝑓). As shown in Table 17, the running-average value of 
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𝑓 ahead of the crack tip is determined for each silica-filled epoxy nanocomposite 
corresponding to the area starting at the crack tip and extending to the location from 
which the depth of the plastic zone was measured. In this manner, the observed elliptical 
shape of the plastic zone ahead of the crack tip is taken into account. Furthermore, it is 
assumed that all particles which are not contributing to void growth are eligible to take 
part in toughening via microcracking. Consequently, the toughening contribution from 
microcracking, Δ𝐺gD, is scaled with 1 − 𝑓 .  
Table 17. Running average 𝑓 ahead of the crack tip for each silica-filled epoxy 
nanocomposite and the distance from the crack tip for each calculation. 
Filler Silica Content 
(vol%) 
𝑓 Distance from the Crack Tip (µm) 
 2.2 3.1% 60 
50 nm N 4.5 3.1% 70 
 7.7 2.0% 100 
 9.6 0.8% 130 
 2.3 0.9% 65 
75 
130 
180 
 50 nm A 4.9 8.8% 
7.0 7.5% 
9.8 3.6% 
 2.4 1.2% 30 
70 
130 
190 
25 nm A 4.8 0.8% 
 7.3 0.1% 
 9.8 0.9% 
 2.0 0.9% 45 
50 
70 
85 
35 nm A 4.1 1.8% 
 6.6 1.0% 
 9.2 1.1% 
 2.4 3.4% 25 
100 nm A 4.9 4.0% 25 
 7.5 3.4% 35 
 9.9 5.3% 40 
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 As shown in Figures 51-55, the proposed model allows for better agreement 
between experimental and modeled fracture energy results as compared to the Huang 
and Kinloch model and the analysis by Bray et al. The contribution of Δ𝐺gD to the 
overall measured fracture energy is shown in Table 18. For the non-treated (N) silica-
filled epoxy nanocomposites, where the morphology is dominated by agglomerates, 
microcracking accounts for ~75% of the observed toughenablity. In the 25 nm, 35 nm, 
and 50 nm A-treated silica-filled epoxy nanocomposites, the contribution of 
microcracking is more prevalent at lower filler contents. Therefore, microcracking may 
account for the large increases fracture energy observed when 2.5 vol% of each type of 
silica nanoparticle is added to the epoxy matrix. At 2.5 vol% the measured 𝑓 and depth 
of the plastic zone are too small for the sum of Δ𝐺 and Δ𝐺; to account for the observed 
improvement in fracture energy.  
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Table 18. Contribution of Δ𝐺gD to the overall measured fracture energy for each type 
of silica-filled epoxy nanocomposite. 
Filler Filler Content (vol%) Fractional Contribution of Microcracking in Proposed Model 
 
 
 
 50 nm N 
 (1- fVG)∆GMC 
70% 
76% 
77% 
78% 
2.2 
4.5 
7.7 
9.6 
 2.3 53% 
41% 
30% 
26% 
 50 nm A 4.9 
7.0 
9.8 
 2.4 56% 
48% 
51% 
47% 
25 nm A 4.8 
 7.3 
 9.8 
 2.0 54% 
59% 
42% 
27% 
35 nm A 4.1 
 6.6 
 9.2 
 2.4 50% 
55% 
53% 
51% 
100 nm A 4.9 
 7.5 
 9.9 
 
The two trends observed in Chapter 2: decreasing 𝑝 𝑎 with increasing filler 
content and increasing microcrack density with increasing filler content were not as 
readily observed in the systems studied in this chapter. The presence of agglomerated 
nanoparticles at varying concentrations in the nanocomposites studied here may prevent 
such trends to clearly manifest.  
 Overall, the fracture behavior improved the most in the silica-filled epoxy 
nanocomposites containing a majority of individual nanoparticles along with a small 
fraction of micron-scale agglomerates. The individual nanoparticles contribute to void 
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growth which subsequently allows for matrix shear banding. The micron-scale 
agglomerates are effective impediments to crack growth and form secondary 
microcracks. The nanoscale agglomerates do not contribute to void growth and may not 
be as effective at forming microcracks as the micron-scale agglomerates. The 
application of surface treatment “A” to the different types of silica nanoparticles 
improves the overall concentration of nanoparticles in each nanocomposite compared 
to the non-treated (N) silica and also significantly reduces the concentration of 
nanoscale agglomerates. The improvement in fracture energy due to the use of the A-
treated silica nanoparticles relative to the non-treated (N) silica may therefore be 
attributed to the shift from majority nanoscale agglomerates to majority individual 
nanoparticles. The fracture behavior of the A-treated silica-filled epoxy 
nanocomposites, up to 10 vol% of filler, was not significantly influenced by the 
structural differences between each type of A-treated silica.  
4.4 Conclusion 
 
Surface treatment “A” was applied to non-porous and porous silica particles with 
particle sizes range from 20 nm to 200 nm. Surface heterogeneity profiles suggest that 
the coating of the silica surfaces becomes more inhomogeneous with decreasing particle 
size. The highest surface energy at infinite dilution (i.e. near zero surface coverage) is 
obtained by the 35 nm A-treated silica nanoparticles. It is plausible that the presence of 
porosity on the surface of the 35 nm silica nanoparticles may contributed to an 
inhomogeneous distribution of surface treatment “A”. However, at finite dilutions (i.e. 
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near 10% surface coverage), the surface energy of each type of A-treated silica 
nanoparticle was found to be nearly identical.  
During nanocomposite processing, particle settling was not observed for each 
type of A-treated silica nanoparticle. Furthermore, the fraction of dispersed 
nanoparticles in each A-treated silica-filled epoxy nanocomposite was approximately 
90% or higher.  
Changes in particle size and particle porosity did not yield significant differences 
in thermal and mechanical behavior. At 10 vol%, the A-treated silica-filled epoxy 
nanocomposites attain fracture toughness values ranging from 2.22 to 2.40 MPa⋅m1/2. 
Similar to the observations in Chapter 2 and 3, the fraction of particles contributing to 
void growth changed as a function of distance ahead of the crack tip. In addition, similar 
to Chapter 3, agglomeration suppressed the toughening contributions of void growth 
and matrix shear banding. Microcracking was again shown to be an essential toughening 
mechanism for each type of silica-filled epoxy nanocomposite. Furthermore, excellent 
agreement was achieved between experimental and modeled fracture energy by 
incorporating the toughening contribution of microcracking.  
The similar fracture behavior between the porous and non-porous silica-filled 
epoxy nanocomposites may support the development of toughened epoxy-based 
adhesives for lightweight structural applications. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusions 
 
 The overarching goal of this dissertation was to develop improved experimental 
methods and alternative modeling approaches to accurately reflect the fracture behavior 
of real world silica-filled epoxy nanocomposites.  
In Chapter 2, the fracture behavior of a silica-filled epoxy nanocomposite 
containing up to 10 vol% of 100 nm silica particles was investigated. TEM images 
revealed that the silica nanoparticles are randomly dispersed in the epoxy matrix with 
minimal particle agglomeration. The mechanical and thermal properties of the cured 
unmodified epoxy and 1 vol%, 5 vol%, and 10 vol% silica-filled epoxy nanocomposites 
were found to be in agreement with results previously reported in literature.  
SEM imaging was used to accurately depict particle debonding as a function of 
distance away from the crack tip. The amount of particle debonding was found to be 
dependent on filler content. Furthermore, criteria were established to distinguish 
between particles which may debond and void growth ahead of the crack tip prior to 
crack propagation and particles which may debond from the matrix as a crack front 
moves through the sample. Particle debonding associated with void growth initially 
increases ahead of the crack tip, reaches a maximum and then steadily decreases. 
Significant scatter was found from measurements of particle debonding associated with 
void growth from one SEM image to another. Therefore, a running average fraction of 
particles debonding associated with void growth was shown to provide a better 
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representation of particle debonding with subsequent void growth ahead of the crack 
tip.  
 Microcracking was observed on fracture surfaces by SEM imaging and in sample 
cross sections by TOM imaging. Therefore, it is proposed that subcritical crack growth 
by the formation of microcracks is a shielding mechanism which contributes to the 
toughness of silica-filled epoxy nanocomposites.  
 Finally, a modified model was proposed which incorporated the toughening 
contributions of particle debonding with subsequent void growth, matrix shear banding, 
and microcracking. The proposed model produced better agreement with measured 
fracture energy results, compared to the Huang and Kinloch model and the analysis by 
Bray et al. The applicability of the proposed model necessitates an ‘a posteriori’ 
approach to estimating the fracture energy of silica-filled epoxy nanocomposites. In 
general, detailed experimentation is required to produce representative models. These 
models can then be used to anticipate fracture behavior for guiding further experimental 
research. 
 In Chapter 3, the effect of surface modification on the fracture behavior of silica-
filled epoxy nanocomposites was explored by coating nominally 50 nm silica 
nanoparticles with three different surface treatments (A, B and C) using a commercially 
viable process. Nanocomposites containing up to 10 vol% of each type of treated-silica 
nanoparticle show drastic differences in particle dispersion and fracture behavior. 
Thermal analysis revealed no significant chemical interactions between the treated-
silica nanoparticles and the epoxy matrix. However, rheological and inverse gas 
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chromatography experiments highlighted varying affinities for filler-filler interactions 
in both the uncured and cured samples. The B-treated silica nanoparticles, in particular, 
were found to be the most difficult to process, resulting in the most particles settling 
during nanocomposite curing. Ultimately, no improvement in fracture toughness as a 
function of increasing filler content was observed for the B-treated silica-filled epoxy 
nanocomposites. The morphology of the B-treated silica-filled epoxy nanocomposites 
consisted of micron-scale agglomerates that easily broke apart during fracture toughness 
testing.  
Fracture toughness improved with increasing filler content for the non-treated 
(N), A-treated and C-treated silica-filled epoxy nanocomposites. Each of these 
nanocomposites primarily consisted of dispersed nanoparticles. The A-treated and C-
treated silica-filled epoxy nanocomposites attained higher fracture toughness than the 
non-treated (N) silica-filled epoxy nanocomposites as the application of both surface 
treatments allowed for a higher fraction of dispersed nanoparticles. A small fraction 
(below 5%) of micron-scale agglomerates were observed in the non-treated (N), A-
treated and C-treated silica-filled epoxy nanocomposites, most likely due to spray 
drying of the nanoparticles prior to mixing with the epoxy resin.  
The small fractions of micron-scale agglomerates were found to be effective 
impediments to crack propagation. Microcracking was observed in each type of silica-
filled epoxy nanocomposite. Interestingly, the contribution of microcracking to the 
overall fracture energy of the well-dispersed silica-filled epoxy nanocomposites (e.g. 
containing A-treated and C-treated silica) was found to decrease with increasing filler 
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content. The presence of microcracking may explain the large increases in fracture 
toughness observed in silica-filled epoxy nanocomposites at lower filler contents. 
Agglomeration in each system suppressed the occurrence of void growth and matrix 
shear banding.  
Finally, the contribution of each toughening mechanism was modeled using the 
model developed in Chapter 2. Once again better agreement between anticipated and 
measured fracture energy was achieved as compared to the Huang and Kinloch model 
and the analysis by Bray et al. Neither of the other approaches could account for the 
influence of nanoparticle agglomeration on overall fracture behavior.  
 In Chapter 4, surface treatment “A” was applied to non-porous and porous silica 
particles with particle sizes range from 20 nm to 200 nm. IGC-based surface 
heterogeneity profiles suggest that the coating of the silica surfaces becomes more 
inhomogeneous with decreasing particle size. At finite probe molecule dilutions, the 
surface energy of each type of A-treated silica nanoparticle was found to be nearly 
identical. During nanocomposite processing, particle settling was not observed for each 
type of A-treated silica nanoparticle. Furthermore, the fraction of dispersed 
nanoparticles in each A-treated silica-filled epoxy nanocomposite was approximately 
90% or higher.  
Changes in particle size and particle porosity did not yield significant differences 
in thermal and mechanical behavior. At 10 vol%, the A-treated silica-filled epoxy 
nanocomposites attain fracture toughness values ranging from 2.22 to 2.40 MPa⋅m1/2. 
Similar to the observations in Chapter 2 and 3, the fraction of particles contributing to 
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void growth changed as a function of distance ahead of the crack tip. In addition, similar 
to Chapter 3, agglomeration suppressed the toughening contributions of void growth 
and matrix shear banding. Microcracking was again shown to be an essential toughening 
mechanism for each type of silica-filled epoxy nanocomposite. The similar fracture 
behavior between the porous and non-porous silica-filled epoxy nanocomposites may 
support the development of toughened epoxy-based adhesives for lightweight structural 
applications. 
5.2 Future Work 
 
5.2.1 Evidence of Microcracking Through Microscopy Studies of Four-Point 
Bend Samples 
 
 As shown in Figure 1, double-notch four-point bend testing requires two nearly-
identical pre-cracks to be generated in a test sample. Establishing test samples will 
require significantly more cured plaques as compared to three-point bend testing. Four-
point bend samples are nearly twice as large as three-point bend test samples. In 
addition, since pre-cracks propagate spontaneously and are difficult to control it is 
anticipated that sample preparation will require more samples in order to generate 
suitable samples with two nearly-identical cracks. Therefore, it is recommended that 
four-point bending studies are conducted using the treated-silica nanoparticles used in 
the current work. In this manner, fracture behavior can be anticipated based on the 
results obtained in this dissertation. 
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Figure 1. Schematic diagram of the geometry of a double-notch four-point bend testing 
sample. The blue markings show the crack that will propagate until failure (left side) 
and the sub-critical damage zone for the crack that does not fail completely (right side) 
[1]. 
 
Upon four-point bend testing, the slightly-larger pre-crack will fail and break as 
typically observed with three-point bend testing. However, the other pre-crack will have 
developed a near-critical and fully-shaped plastic zone. Various microscopy studies can 
be conducted to investigate the regions ahead of the crack tip. First, some the fractured 
samples can be ground and polished half-way through the thickness of the samples in 
order to make measurements of the crack-opening displacement at the pre-crack tip by 
scanning electron microscopy (SEM). The measured crack-opening displacement can 
then be compared to theoretical calculations. It is anticipated that the pre-crack radius 
for each sample will be on the nanoscale. Secondly, a subset of fractured samples can 
be prepared for transmission electron microscopy (TEM) studies of the regions ahead 
of the crack tip. The difficulty with TEM imaging will reside in maintaining the 
characteristic toughening features ahead of the crack tip during sample preparation. 
Ideally, a nondestructive technique, such as X-ray microtomography, may allow for the 
detection of subsurface microcracking. However, obtaining nanoscale resolution with 
X-ray microtomography is still an ongoing challenge. As shown in Figure 2, previously 
unpublished work in Dr. Pearson’s research group in collaboration with Carol Kiely, 
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has produced evidence of crack branching and bifurcation in nanoclay-filled epoxy 
composites using in-situ X-ray tomography in an SEM.  
 
Figure 2. Micrograph showing subsurface crack branching and bifurcation in a fractured 
nanoclay-filled epoxy composite. The micrograph was produced using in-situ X-ray 
tomography in an SEM. 
 
5.2.2 Rubber Particle Marker Experiment 
 
 Rubber particles are effective toughening agents for epoxy-based composites 
and have been shown to completely cavitate in the regions ahead of the crack tip during 
three-point bend testing [2]. By adding a low concentration of rubber particles into a 
silica-filled epoxy nanocomposite, the rubber particles ahead of the crack tip can be 
used to gauge the size and shape of the plastic zone ahead of the crack tip. SEM, and 
potentially TEM, imaging of the cross-sections of fractured samples can provide a better 
understanding of the relationship between the size of the plastic zone and the extent of 
void growth ahead of the crack tip. The experiment outlined would best be performed 
on a silica-filled epoxy nanocomposite which consists predominately of nanoparticles, 
such as the 100 nm diameter silica nanoparticles studied in Chapter 2, so that the 
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cavitation of the rubber particles is not distorted by the presence of agglomerates. It is 
anticipated that the rubber particle marker experiment will confirm the elliptical shape 
of the plastic zone ahead of the crack tip.  
5.2.3 Contribution of Microcracking at Higher Filler Contents 
 
 The experiments in this dissertation were conducted with up to 10 vol% of filler. 
One of the goals for the current work was to explore the large increases in fracture 
toughness provided by the inclusion of low concentrations of silica nanoparticles (e.g. 
2.5 vol%). The current analysis suggests that microcracking plays a critical role in the 
toughenablity of silica-filled epoxy nanocomposites. Furthermore, the contribution of 
microcracking to overall fracture energy seems to decrease with increasing filler content 
up to 10 vol% filler. By conducting experiments at higher filler contents, up to 30 vol%, 
on silica-filled epoxy nanocomposites containing non-treated (N), A-treated and/or C-
treated silica nanoparticles, the observed trend between the contribution of 
microcracking and filler content can be explored in greater detail. The use of A-treated 
and C-treated silica-filled epoxy nanocomposites would provide the contribution of 
microcracking in nanocomposites consisting primarily of individual nanoparticles. The 
use of non-treated (N) silica-filled epoxy nanocomposites would provide a gauge of the 
effect of agglomeration at higher filler contents.  
5.2.4 Investigating Other Surface Treatments  
 
 The A-treated silica nanoparticles used in the current work were the least 
hydrophobic particles as compared to the other types of treated-silica nanoparticles. 
Similar experiments can be performed on silica-filled epoxy nanocomposites containing 
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non-porous and porous treated-silica nanoparticles that have surface wettability profiles 
which are less hydrophobic than the A-treated silica. Inverse gas chromatography can 
be used as an effective pre-screen of treated-silica nanoparticles. Ultimately, the C-
treated silica nanoparticles also provided comparable improvements in fracture 
toughness as the A-treated silica nanoparticles. The C-treated nanoparticles were found 
to be more hydrophobic than the A-treated nanoparticles. Therefore, it is critical to 
develop a better understanding between the interaction of filler particles and the epoxy 
matrix. 
Beyond surface heterogeneity profiles, heat of sorption (HOS) experiments can 
be conducted to determine the affinity of different treated-silica particles with epoxy. 
Currently, HOS experiments through inverse gas chromatography require the use of low 
boiling point materials given instrument limitations. Therefore, an analogous low 
boiling point epoxide, such as butyl glycidyl ether, can be used to gauge the interaction 
between the epoxy resin and various filler particles. Furthermore, the treated-silica 
nanoparticles can be exposed to various curing agents to gauge potential interactions 
during nanocomposite processing.  
Flow microcalorimetry (FMC) experiments would provide a direct measure of 
the interaction between treated-silica nanoparticles and epoxy. However, to date, FMC 
instruments are not well equipped to handle nanoparticles. Instrumentation 
improvements, through the use of nanoscale membrane filters and encapsulated tubing, 
may provide outlets for FMC experiments of treated-silica nanoparticles.  
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5.2.5 Bimodal Silica-Filled Epoxy Nanocomposites  
 
 Dittanet and Pearson found that bimodal distributions of silica nanoparticles and 
42 µm diameter particles lead to an increase in fracture toughness as the nanoparticle 
content increased and the micron particle content decreased [3]. The current work 
suggests that the addition of a low fraction of micron-scale agglomerates may serve as 
effective shielding particles in silica-filled epoxy nanocomposites. The fraction of 
micron-scale agglomerates did not significantly change with increasing filler content 
for the systems studied in Chapters 2-4. The particle size of the micron-scale 
agglomerates was approximately 2 µm. The investigation of silica-filled epoxy 
nanocomposites consisting of a bimodal particle size distribution of 50 nm nanoparticles 
and 2 µm particles at varying concentrations may lead to a better understanding of the 
contribution of microcracking to overall fracture energy. In addition, fractographical 
analysis may reveal the interaction between toughening mechanism (e.g. void growth, 
matrix shear banding, and microcracking) as a function of particle size distribution.  
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APPENDIX I 
 
Throughout this dissertation, compression testing samples were annealed above 
their glass transition temperatures for 1 hour at 100 °C to relieve: 1) potential physical 
aging differences between samples cured at different times and 2) any residual stress 
variations due to sample curing and machining. The same annealing procedure was 
conducted on three-point bend testing samples of the unmodified epoxy after sample 
preparation.  
Single-edge notch bend testing was performed on a screw-driven universal 
materials testing machine (Instron 5567) to determine the plane-strain fracture 
toughness (𝐾GT) of the unmodified epoxy with and without annealing. Samples were 
prepared, tested and analyzed according to ASTM D5045 standard testing guidelines 
[1]. First, sample bars were machined to the following dimensions: 76.2 mm x 12.7 mm 
x 6.3 mm. Then, a jeweler’s saw was used to make a pre-notch in each sample bar. Next, 
a razor blade was chilled in liquid nitrogen and then lightly tapped into the pre-notch to 
generate a natural, sharp, self-propagating and penny-shaped crack. Next, half of the 
test samples were annealed for 1 hour at 100 °C and then allowed to cool to room 
temperature in an oven. Subsequently, each sample was tested using a crosshead speed 
of 1 mm/min. A minimum of ten samples were tested. After testing, crack lengths were 
measured on the fracture surfaces of each sample. In addition, load-displacement curves 
were analyzed to ensure that the proper peak load value was used to calculate the 
conditional fracture toughness (𝐾U). The general formula for 𝐾U is as follows: 
𝐾U = 	 𝑃U𝐵𝑊@ 4 𝑓 𝑎𝑊 																																																													(1) 
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where 𝑃U is the maximum load at break, 𝐵 is the sample thickness, 𝑊 is the sample 
width,  𝑎  is the crack length, and 𝑓 [\   is the shape factor which is determined as 
follows:  
𝑓 𝑎𝑊 = 	6 𝑎𝑊 @ 4 1.99	 −	 𝑎𝑊 1 − 𝑎𝑊 2.15	– 	3.93 𝑎𝑊 	+ 2.7 𝑎𝑊 41 + 2 𝑎𝑊 1 − 𝑎𝑊 ` 4 					(2) 
The validity of each  𝐾U was analyzed according to the procedure outlined in 
Section 9.1 of ASTM D5045 [1] to ensure that each result meets crack length and size 
criteria standards for linear elastic fracture mechanics. Finally, a minimum of five valid 𝐾U measurements were used to report an average plane-strain fracture toughness (𝐾GT) 
for the unmodified epoxy with and without annealing. 
As shown in Figure A.1, no significant difference was found between the 
fracture toughness of the unmodified epoxy with or without annealing prior to three-
point bend testing. However, as shown by the comparison in Figure A.2, the annealed 
samples displayed a temporary load drop during three-point bend testing. The load drop 
is associated with the re-opening of the pre-crack during testing. A characteristic sound 
was produced during testing when the pre-crack re-opened. The annealing procedure 
allowed the pre-crack to begin to close, which has been shown previously to occur in 
epoxies with sufficient time spent above the glass transition temperature [2-3]. Although 
no significant difference in fracture toughness was observed, in an effort to avoid any 
potential influence of crack re-opening on fracture behavior, an annealing procedure 
was not conducted prior to three-point bend testing throughout this dissertation.  
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Figure 1. Fracture toughness of the unmodified epoxy with and without annealing prior 
to three-point bend testing. 
 
 
Figure 2. Comparison of the load-displacement behavior from select samples of the 
unmodified epoxy with and without annealing prior to three-point bend testing. 
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